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ABSTRACT 

The Census of High- and Medium-mass Protostars (CHaMP) is the first large-scale, unbiased, 
uniform mapping survey at sub-parsec scale resolution of 90 GHz line emission from massive 
molecular clumps in the Milky Way. We present the first Mopra (ATNF) maps of the CHaMP 
survey region (300°>Z>280°) in the HCO+ J=1^0 line, which is usually thought to trace gas at 
densities up to lO^'^^m"'^. In this paper we introduce the survey and its strategy, describe the 
observational and data reduction procedures, and give a complete catalogue of moment maps 
of the HCO"'' J=l— >0 emission from the ensemble of 301 massive molecular clumps. From these 
maps we also derive the physical parameters of the clumps, using standard molecular spectral-line 
analysis techniques. This analysis yields the following range of properties: integrated line inten- 
sity l-30Kkms~^, peak line brightness 1-7 K, linewidth 1-10 km s~^, integrated line luminosity 
0.5-200 K km s~^ pc^, FWHM size 0.2-2.5 pc, mean projected axial ratio 2, optical depth 0.08-2, 
total surface density 30-3000 Mq pc"^ number density 0.2-30x 10^ m"^, mass 15-8000 Mq, virial 
parameter 1-55, and total gas pressure 0.3-700 pPa. We find that the CHaMP clumps do not 
obey a Larson-type size-linewidth relation. Among the clumps, there exists a large population of 
subthermally excite d, weakly-emitting (but easily detectable) dense molecular clumps, confirm- 



ing the prediction of iNaravanan et ah ( 20081) . These weakly-emitting clumps comprise 95% of all 



massive clumps by number, and 87% of the molecular mass, in this portion of the Galaxy; their 
properties are distinct from the brighter massive star-forming regions that are more typically 
studied. If the clumps evolve by slow contraction, the 95% of fainter clumps may represent a 
long-lived stage of pressure-confined, gravitationally stable massive clump evolution, while the 
CHaMP clump population may not engage in vigorous massive star formation until the last 5% 
of their lifetimes. The brighter sources are smaller, denser, more highly pressurised, and closer 
to gravitational instability than the less bright sources. Our data suggest that massive clumps 
approach critical Bonnor-Ebert like states at constant density, while others' suggest that lower- 
mass clumps reach such states at constant pressure. Evidence of global gravitational collapse of 
massive clumps is rare, suggesting this phase lasts <1% of the clumps' lifetime. 

Subject headings: astrochemistry — ISM: kinematics and dynamics — ISM: molecules — radio lines: 
ISM — stars: formation 
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Fig. 1. — Nanten integrated intensity images of CO isotopologues. The sequence ^^CO— t-^^CO— >-C^*0 samples 
progressively denser molecular gas environments for the same line brightness. Thus ^^CO maps can serve as finder 
charts for "CO emission, and ^^CO for C^*0. Active star formation only occurs within the C^*0 emission, despite 
the ^^CO being very widespread. Therefore the Nanten C^*0, and similar HCO'*' maps, can serve as finder charts 
for most, if not all, star formation within this window. 



1. Introduction 

Several recent studies have shown that massive 
stars and the majority of all stars, perhaps in- 
cluding the S un, have formed to g ether in star 



clust e rs (e.e. iLada fc Ladal l2003t Ide Wit et al 



I2OO5I : iGutermuth et all l2009l ). yet the question 
of how massive stars and star clusters form re- 
mains largely open despite much effort, both ob- 
servation ally and theoretically , over the past two 
decades ( Beuther et al ] 120071) . Their formation 
can be viewed as a single astrophysical process oc- 
curring in giant molecular clouds (GMCs), where 
parsec-scale clumps transform into star clusters via 
turbulent fragmentati on into cores, which form 



individual stars (e. g. Padoan fc Nordlundl 2002; 
McKee fc Taiill200,lh . This process underpins all 
theories of galaxy evolution, and in particular the 



global process of gas conversion into stars that is 
empiricall y described by the Kennicutt- Schmidt 
relati ons (|Kennicuttlll998t iLerov et al.1l2008l: iTan 
2010l ). Massive stars in particular also play a 



dominant role in the regulation of the interstellar 
medium (ISM) via their energy, momentum, and 
metallicity feedback. 

Despite this importance, our understanding of 
the massive star and star cluster formation process 
remains very primitive. We still lack systematic 
data on the kinematics and physical conditions in 
the prestellar dense gas. Although numerous stud- 
ies exist, most are constrained in key ways. De- 
tailed, unbiased studies at mm wavelengths usu- 
ally include a relatively sma l l number of sources 
Ce.g.lSollins fc Megeathll2004HPirogov et al.ll2007 : 



iHiguchi et al.ll2009t ). Other studies choose sources 
for mm-line study based on their emission at other 
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possible statistical biases to the derived gas prop- 
erties that may be difficult to quantify. Yet others 
observe multiple mm lines but only at single points 
in each source (Klaassen & Wilson 2007; Chen et 
al. 2010), thus losing any information on spatial 
variability of the mm emission within sources. 

Partly because of these observational limita- 
tions, there is little clear consensus on even the ba- 
sic formation mechanism, whether as massive gas 
cores collapsin g via relatively well-o rdered accre- 
tion disks (e.g. iMcKee fc Tan 2003), competitive 



accre tion of ambient cluster gas fBonnell et al 



2003 ), or more radical theorie s (Bally & Zinnecker 
200a iKeto fc KlassenI |2008[) . Even among the 
more conventional core models, a vast range of pa- 
rameters, such as formation timescale or accretion 
rate, are debated. For star c lusters, is the ov er- 
all formation timescale a few (jElmegreenll2007l ) or 



many (jTan et al.l 120061 ) free fall times? The influ- 
ence of feedback is uncertain in setting both the 
stellar initial mass function (IMF), including its 
upper limit, and the efficiency of star formation in 
clusters. We are also unsure if the IMF is un iversal 
or variable ( Hoversten fc Glazebrook 20081) . 

To address many of these problems, the Galac- 
tic Census of High- and Medium-mass Proto stars 
(CHaMP) was developed (jBarnes et al.ll2006l ). By 
compiling a complete, unbiased, uniform, sensi- 
tive, and multi-wavelength survey, CHaMP 's ob- 
jectives are to systematically obtain the proper- 
ties of the more massive dense gas clumps giving 
rise to higher-mass star formation, characterise the 
properties of the stars and clusters emerging from 
these clouds, identify all the important evolution- 
ary stages, and through a demographic analysis 
enabled by our statistical approach to this prob- 
lem, derive the timescales of these stages for the 
first time. CHaMP is also intended to provide a 
valuable legacy in the southern Milky Way during 
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the SOFIA-ALMA era for future studies of star 
formation and Galactic structure. 

2. The CHaMP Survey 

2.1. Survey Strategy 

CHaMP began with complete surveys of a 
large portion of the southern Galactic Plane in 
four molecular spectral lines in the 3-millimetre 
waveband made with the 4m Nanten telescope 
(see Fig.[T]). These lines are the J=l— >-0 tran- 
sitions of 12C0, i^co, Ci^O, and HCO+ at 
115.271, 110.201, 109.781, and 89.189 GHz, re- 
spectively; the area mapped is a 20° x 6° section 
of the Milky Way in Vela, Carina, and Centau- 
rus, 300°>Z>280° and -4°<6<+2°. The results 
of th ese observations are presen ted in other pa- 
pers (jYonekura et al.ll2005L l201ll hereafter Paper 
H). These lines were chosen to bootstrap from the 
standard GMC tracers ^^CO and ^^CO, which are 
sensitive to molecular densities ^10^ m^'^, to the 
higher-density tracers C^'^O and HCO+, sampling 
gas at densities up to ~10^ and 10^^ m~^, resp. 
The objective was not merely to map some of the 
dense gas in GMCs, but to do so systematically 
across the entire region, mapping (as far as our 
flux limit allowed) all the dense gas in our window. 

In order to do this efficiently, each line in the 
sequence above was used as a "finder chart" for 
the next line. Thus, ^'^CO was only observed 
where the ^^CO integrated intensity was above 
5Kkms~^, and C^*0 & HCO"'" were only mapped 
where ^^CO was brighter than 2Kkms~^. This 
means that the time required to integrate down to 
high S/N levels in each line did not go up dramat- 
ically as the line brightness dropped, since the sky 
coverage required to do so simultaneously became 
much less. Thanks to the finder chart approach, 
which minimises the amount of time spent inte- 
grating on blank sky in the weaker lines, we devel- 
oped a highly efficient way to obtain the complete 
dense-gas coverage we sought over a very large 
area of sky, and at the same time to effectively 
"peel the onion layers" of density in GMCs. 

2.2. The Nanten Master Catalogue 

The Nanten Master Catalogue (hereafter NMC) 
was constructed in the following way. We per- 
formed a CLUMPFIND analysis on the Nanten 



C O data cube in order to compile a uniformly- 
selected sample of clouds for further analysis. This 
will be described in some detail in Paper II, and 
was aimed at identifying only the most clearly- 
defined clumps in the data. For follow-up mapping 
campaigns, however, a more inclusive approach 
was needed in order to meet our goal of complete- 
ness. Using the CLUMPFIND list as a starting 
point, we then visually inspected the Nanten data 
C^*0 and HCO"*" cubes to find in {l,b,v) space all 
local maxima of emission in either line, above a 
minimum cutoff level of 0.15Kkms~^. This gave 
our NMC list of 209 clumps (see Table [J). Many 
of the sources are organised for convenience into 
smaller "Regions" , which are also given in Table [T] 
and shown approximately in Figure [2^. See Paper 
II for more details on the Nanten mapping and 
CLUMPFIND procedures. 

2.3. Mopra Observations 

A higher-resolution follow-up campaign was 
then begun to map these clumps in a number of 
3mm molecular transitions with the 22m-diameter 
Mopra dish of the Australia Telescope National 
Facilitj0, at much higher sensitivity and angular 
resolution than with Nanten. Over the period de- 
scribed below, we observed the brightest 121 of 
these clumps, with an effective brightness limit of 
0.25Kkms~^ in the Nanten data. We therefore 
estimate that, over the areas mapped with Mo- 
pra, our completeness limit on the Nanten scale 
is essentially 100% above this level. On the Mo- 
pra scale the completeness is more complex; we 
discuss this in §4.21 

In this way, the NMC and the Mopra maps form 
a unique resource for a true census of all mas- 
sive star formation phenomenology, from yum to 
cm wavelengths. Therefore, while making use of 
existing archives from IRAS, MSX, 2MASS, and 
Spitzer-IRAC, we have also begun more sensitive 
and higher-resolution observations of these regions 
in the near-IR using the IRIS2 camera of the Aus- 
tralian Astronomical Telescope, in the mid-IR us- 
ing T-ReCS at Gemini-South, and at 3mm using 



^The Mopra telescope is part of the Australia Telescope 
which is funded by the Commonwealth of Australia for op- 
eration as a National Facility managed by CSIRO. The Uni- 
versity of New South Wales Digital Filter Bank used for the 
observations with the Mopra telescope was provided with 
support from the Australian Research Council. 
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0000 


-1.1333 


CP 





51 


-19 




162* 


294 


9300 


-1 6700 


HCO^ 





26 


-13 


21 


113* 


288 


0000 


-0.8667 


HCO+ 





17 


-26.5 


11 


163* 


295 


0000 


-1.7333 


CF 





48 


-9 


21 


114* 


288 


0667 


-0.8333 


HCO + 





21 


-20.5 


11 


164 


295 


0600 


-2.1300 


ci»o 





29 


-18 


21 


115* 


288 


1000 


-0.7000 


CF 





46 


-12 


11 


165* 


295 


1000 


-1.6600 


HCO+ 





45 


-11 


21 


116* 


288 


1500 


-0.9167 


HCO + 





19 


-20 


11 


166 


295 


1333 


-1.3500 


C^O 





34 


-17 


21 


117* 


288 


1667 


-1.1500 


c u 





34 


-18 


11 


167* 


295 


1600 


-1.6000 


HCO^ 





43 


-10.5 


21 


118* 


288 


2667 


-1.1333 


CF 





42 


-18 


11 


168 


295 


2000 


-1.2000 


C^O 





27 


-30 


21 


119 


288 


6000 


-0.1000 


ci»o 





29 


-33 




169 


295 


3333 


-0.7833 







22 


-1 




120 


289 


0667 


-0.5000 


ci**o 





37 


-20 




170 


295 


7667 


0.3667 


CF 





53 


-25 




121 


289 


1000 


1.6000 


ci**o 





40 


-28 


- 


171 


295 


8667 


-0.1333 


CF 





42 


-27 


- 


122 


290 


1333 


-1 


4667 


C U 





26 


9 




172 


296 


1333 


-1.5333 


c^'^o 





22 


18 




123* 


290 


3000 


-0 


0667 


CF 





52 


-1 




173 


296 


5333 


-1.2000 


CF 





52 


-27 




124 


290 


9439 


-3 


4880 


i^CO 


3 


60 


-4.5 




174 


296 


5833 


-0.4833 


c^o 





17 


10 




125 


291 


0333 


-1 


6805 


"CO 





68 


-4.75 


12 


175 


297 


2667 


-0.9667 


CF 





63 


-35 


_ 


126* 


291 


2667 


-0 


7667 


CF 


2 


25 


-24 


13 


176 


297 


2667 


0.4000 


ci**o 





32 


-37 


22 


1 07* 


291 


3333 


-1 


7667 







61 


-4 


12 


177 


297 


3667 


0.4333 


Or 





47 


-o / 


22 


128* 


291 


3333 


-0 


6667 


CF 





87 


-26 


13 


178 


297 


5000 


0.0000 


ci»o 





20 


15 


22 


129* 


291 


4000 


-0 


2000 


CF 





81 


-6 


13 


179 


297 


6333 


0.3000 


ci«o 





31 


-35 


22 


130* 


291 


5000 


-1 


6333 


CF 





59 


-25 


12 


180 


297 


6333 


1.3333 


ci»o 





25 


-30 


_ 


131* 


291 


5600 


-0 


4300 


HCO + 





72 


14.5 


13 


181 


297 


7225 


-2.7772 


i^CO 


5 


20 


-4.5 




132* 


291 


6600 


-0 


6000 


WOO"!" 





31 


11.0 


lo 


182 


298 


1600 


n snnn 







18 




24 


133 


291 


7000 


_l 


1333 


ci»o 





32 


-25 


14 


183* 


298 


1600 


0.7600 


ci«o 





32 


-31 


23 


134* 


292 


0000 


-1 


9667 


CF 





53 


-26 


15 


184 


298 


2333 


-1.8167 


c^o 





31 


-29 


25 


135 


292 


0667 


-1 


1333 


ci«o 





48 


-20 


14 


185* 


298 


2667 


0.7333 


CF 





65 


-31 


23 


136 


292 


3667 


-3 


7333 


CF 


1 


13 


-5 


- 


186 


298 


3000 


-1.9000 


ci**o 





32 


-29 


25 


137 


292 


4600 


-2 


4000 


C U 





24 


-25 


15 


187 


298 


3000 


-0.6667 


c o 





37 


-34 


24 


138 


292 


4667 


-1 


8667 


C^O 





33 


-28 


15 


188* 


298 


3333 


0.7333 


CF 





53 


-32 


23 


139 


292 


7667 


-1 


8667 


c^o 





33 


-25 


15 


189 


298 


3667 


1.0333 


C^O 





29 


-27 


23 


140 


292 


9667 


-2 


1000 


CF 





43 


-24 


15 


190* 


298 


4333 


0.6667 


CF 





58 


-33 


23 


141* 


293 


0600 


-1 


0000 


ci**o 





39 


-23 


16 


191 


298 


4667 


-0.2667 


C^O 





33 


-38 


26 


142* 


293 


1333 


-0 


9500 


c u 





39 


-24 


16 


192 


298 


6000 


-0.2333 


c^^o 





29 


-37 


26 


143 


293 


2333 


-1 


9333 


ci«o 





25 


-24 


15 


193 


298 


7000 


-1.7000 


CF 





64 


-30 


25 


144* 


293 


3667 


-0 


9000 


CF 





42 


-29 


16 


194 


298 


7000 


-0.6667 


ci»o 





29 


-40 


24 


145 


293 


4000 


-1 


0333 


CF 





46 


-24 


16 


195 


298 


7167 


-0.0833 


IICO+ 





11 


-16 


26 


146 


293 


4667 


-2 


4000 


ci»o 





31 


-27 


17 


196 


298 


7333 


-0.2333 


ci»o 





25 


-37 


26 


147 


293 


5600 


-1 


4600 


C O 





28 


-27 


18 


197 


298 


8600 


0.1333 


c^o 





18 


21 


26 


148 


293 


5667 


-2 


3333 


ci»o 





27 


-27 


17 


198 


298 


9000 


-0.4300 


HCO+ 





27 


31 


26 


149* 


293 


6667 


-1 


6333 


CF 





48 


-17 


18 


199* 


298 


9000 


0.4000 


CF 





62 


-25 


26 


150* 


293 


7667 


-1 


7000 


CF 





58 


-18 


18 


200 


298 


9167 


-0.1667 


ci»o 





33 


-20 


26 


151 


293 


7667 


-1 


3333 


CF 





43 


-29 


18 


201* 


299 


0000 


-0.3333 


CF 





42 


-38 


26 


152 


293 


8500 


-0 


9000 


ci»o 





25 


-25 


19 


202* 


299 


2667 


-0.3333 


CF 





56 


-40 


26 


153 


293 


8833 


-0 


8333 


ci»o 





28 


34 


19 


203* 


299 


3300 


-0.2600 


ci»o 





35 


-40 


26 


154 


294 


0000 


-2 


5300 


ci»o 





34 


-11 


17 


204 


299 


3667 


-1.0667 


C^O 





33 


-35 


27 


155 


294 


0333 


-0 


9667 


CF 





41 


-27 


19 


205 


299 


4600 


-0.8600 


HCO+ 





17 


-35 


27 


156 


294 


1333 


-1 


7333 


ci»o 





24 


-25 


20 


206 


299 


5000 


1.1000 


CF 





68 


-33 




157 


294 


1333 


-0 


9333 


ci«o 





39 


-26 


19 


207 


299 


5333 


0.1333 


CF 





61 


-4 


26 


158 


294 


3333 


-1 


6200 


C^^O 





23 


-15 


20 


208* 


299 


5667 


-0.3333 


CF 





48 


-39 


26 


159 


294 


4000 


-0 


3667 


CF 





59 


-26 




209 


299 


6000 


0.1667 


CF 





68 


-8 


26 


160 


294 


7667 


-2 


0333 


CF 





45 


-14 


21 





















^Aii asterisk indicates a Nanten clump that was mapped at Mopra (see Table . 



^Method of clump identification: "CF" is from the CLUMPFIND program operating on the Nanten C^^O data cube (see Paper II); "C^^O" or 
"HCO^" is from visual inspection of the respective Nanten data cubes. 

■^Grouping of sources by Region is for convenience of mapping only; see Fig.[2]and ^3. 11 Some of these sources were too isolated to be conveniently 
grouped into regions. 
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the Australia Telescope Compact Array. These 
results will be reported in future papers. 

Observations with the Mopra antenna were con- 
ducted over the period 2004-07, during which time 
a number of significant upgrades were completed 
on the telescope. The Mopra antenna's perfor- 
mance at th e beginning of th is period has been 
described by iLadd et"aL ( 2005 ) . Since that study, 
an on-the-fly (OTF) mapping capability has been 
implemented in the control software (in 2004; T. 
Wong 2005, unpublished), new 3mm MMIC re- 
ceivers were installed (in 2005) which were at least 
as sensitive as the previous SIS mixers and much 
more efficient to operate, and the MOPS wide- 
band digital f l lterba nk was commissioned (in 2006; 



Wilson et al.l 120061 ). This latter innovation es- 



pecially, when combined with the Nanten maps 
as finder charts, makes an ambitious survey like 
CHaMP possible. Because of these changes, we 
describe each season's data-taking in turn. Table 
[2] summarises this observational progress. 

2.3.1. 2004 and OTF mapping 

In 2004 we began CHaMP with a pilot survey of 
11 Nanten clumps in the J=l— >-0 lines of C^^O and 
N2H+ at 109.781 and 93.177 GHz, respectively. 
The clumps were arbitrarily chosen from among 
the westernmost Nanten clumps. 

The 3mm receiver at this time was a dual- 
channel SIS m i xer w hich has been described by 
Moorev et al.l (|l997n . In order to check the 
pointing on standard SiO maser sources, one of 
the channels was re-tuned every hour or two to 
86 GHz, and then back to the observing frequency 
when the pointing was completed. Tuning was 
achieved by manually adjusting the bias volt- 
age(s) and other parameters for the mixer, using 
a custom tuning program and standard electronic 
diagnostics, such as measuring the sideband rejec- 
tion ratio, whether the receiver was locked to the 
tuning frequency, etc. However this regimen was 
awkward and time-consuming, sometimes taking 
up to 30 min to find a satisfactory tuning, and the 
overhead for each pointing measurement ranged 
from 15-20 min (usually) up to 45 min on some 
occasions. For this reason the pointing was not 
checked as often as would have been ideal, some- 
times between each OTF map (see below) but 
usually only every two maps. Typical pointing 
corrections were ~ 10-15" in these cases. 



-B -10 -12 -14 

RA offset (arcmin) 

Fig. 3. — Sample raster pattern for a Mopra OTF 
map of one of the CHaMP sources (BYF36). The 
reference position is located at (0,0) in these coordi- 
nates. The position angle of this map corresponds 
to the orientation of the Galactic Plane at this loca- 
tion. Another map in the orthogonal raster direction 
was usually made of the same area. Also shown in the 
lower left corner is the effective smoothed Mopra beam 
in the final maps (after resampling with Gridzilla). 

Mopra's backend at this time was a 1024- 
channel autocorrelator, MPCOR, with a selectable 
bandwidth; we chose a 32 MHz (31 kHz resolution) 
configuration, which gave respective velocity reso- 
lutions 0.085 and 0.101 km s^^ for the above lines. 
The observing dates for this season were July 21- 
25, during which time the system temperature 
ranged from 160-320 K while conditions were sta- 
ble enough for mapping. 

Mopra's OTF mapping mode has been de- 
scribed by T. Wong (2005 , unpu blished) and sum- 
marised by iBarnes et al. (I2OIOI) : here we give a 
fuller description since it is a key aspect of the 
survey. The telescope is driven in a raster pattern 
across the sky (which can be in any of the I, b, a, 
or S directions, but for CHaMP was usually I or 
b) at a rate such that the data dump interval (2 s) 
from the spectrometer to mass storage is consis- 
tent with Nyquist- (or better) sampling of the sky, 
given the telescope beam and observing frequency. 
(A diagram illustrating the sampling pattern is 
given in Figure At 90 GHz this drive rate 
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Table 2 
MopRA Observing History 



Dates 



Map Mode Receiver 



Backend Mode 



Clump Area Coverage 



Species 



2004 Jul2 1-25 

2005Jull3-23 
2005Sep30-Oct02 

2006Jun04-ll 

2006Jul04-12 

2006Jul24-Aug01 

2006Oct23-29 

2007Aug26-Sep20 



OTF SIS MPCOR 32MHz/31kHz 

OTF MMIC MPCOR 32MHz/31kHz 

OTF MMIC MOPS zoom 138MHz/34kHz 

OTF MMIC MOPS zoom 138MHz/34kHz 



11 X 5' single/dual-raster 

{51x 5' single-raster 
7x 5' single-raster 

120 X 3'-7' dual-raster 
120 X 3'-7' dual-raster 



N2H+/CI80 
HCO+ 

N2H+/H13CO+/HC3N/CS 
Setup 1" 
Setup 2" 
Setup 2" 
Setup 2" 

Setup 3" 



''See Table [3] for MOPS spectral- line setups. 

across the sky equates to approximately 6"s~-'^. 
Each raster row is then offset by a sirailar amount 
from the previous row (i.e., 12" at 90 GHz), until a 
square map with a size chosen by the user is built 
up. The user also selects whether a reference po- 
sition (which can be specified in either relative or 
absolute coordinates) is observed at the beginning 
of each row, or only once every 2 rows. Addition- 
ally, the user can choose from which corner of the 
square map the raster pattern is begun, i.e. the 
NE, NW, SE, or SW (in the respective coordinate 
system being used). Finally the frequency of hot- 
cold load measurements of Tgys needs to be spec- 
ified; this is typically every 10-30 min, depending 
on the stability of sky conditions. [In the 2007 sea- 
son, however, a noise-diode calibration system was 
introduced into the data stream, effectively giving 
continuous Tgyg measurements and making sep- 
arate hot-cold load scans somewhat redundant.] 
Skydip measurements of the atmospheric opacity 
were not found to be necessary. At the beginning 
of each day a calibration spectrum of a known 
source such as Orion-KL confirmed the long-term 
gain stability of the system. 

In this way a typical 5'x5' map, in the given 
raster direction, can be built up over a period of 
about 70 min at 90 GHz, of which about 45-50 min 
are spent on-source, the rest of the time being con- 
sumed by reference spectra and telescope slews. 
Thus the OTF mapping efficiency, defined as (time 
on-source/clock time), is quite high, around 70%. 
In order to minimise rastering artifacts, however, 
a second map is usually made of the same field, 
but in an orthogonal rastering direction. Including 
time (~20 min) for pointing checks between each 



map, such a 5'x5' field is "complete" in about 
2.6 hr. Further rasters can be made of the same 
field, and this not only improves the S/N in the 
usual way, but under variable sky conditions will 
also minimise noise variations across a map, which 
might otherwise give erratic sensitivity coverage of 
the user's field. After just 2 raster maps, however, 
the noise variations are usually acceptable (^20%) 
in all but the worst conditions. For all our Mopra 
OTF maps, reference positions were chosen from 
emission-free areas of the Nanten maps, usually 
within a degree or less of the OTF map being con- 
structed. 

2.3.2. 2005 and the MMIC receivers 

After the pilot work described above, in 2005 we 
embarked upon CHaMP proper, after the installa- 
tion of a new 3mm dual-channel MMIC receiver. 
This frontend was as sensitive as the SIS system 
(Tsys<200K at 90 GHz in good conditions), but it 
was much more efficient to operate, since tuning 
was now automatically controlled in software and 
trivial to change. This meant that pointing checks 
could easily be performed every hour or so between 
each OTF map, typically taking less than 10 min 
to complete, and the typical corrections needed 
decreased to ~7". 

On July 13-23 we made a single-raster 5' OTF 
map in HCO"*" J=l— ?>0 for each of the first 50 
sources in the NMC, effectively covering longi- 
tudes 288°>/>280° in our CHaMP window. Some 
additional observations of the 3mm lines of N2H+, 
H^^CO+, HC3N, and CS were also made of some 
clumps during Sept 30 - Oct 2. However, it was 
apparent that in many cases the 5' fields were 
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16k diaiiiids/blode 4096 di/zoom 



2 GHz 



nf 



Eadi zoom is 
137 MHz wide 



/ / 



modes 



8 GHz 



Fig. 4. — Schematic diagram (not to scale) of Mopra's MOPS digital filterbank, illustrating the flexibility available 
from 2007 onwards. 



insufficient to contain all the HCO+ emission, 
although there were some cases also where the 
HCO"*" was quite weak, e.g. for some of the Nan- 
ten C^^O peak positions. In stark contrast, dur- 
ing the Galactic Ring Survey it was found that the 
CS J=2— T'l emission was extremely localised com- 
pared to the ^^CO: only ~2% of the survey area 
had CS emission above 0.5Kkms~^(McQuinn et 
al. 2002). In 2005 we found that HCO+ was 
bright (>2Kkms^^) in ^20% of our maps, eas- 
ily detectable (>0.5Kkms~^) in another ~50%, 
and weaker in the remainder. This confirms the 
great efficacy of finding dense gas clumps with our 
finder chart strategy. We revisit the 1100+ bright- 
ness distribution in M.2\ 

2.3.3. 2006-07 and the MOPS digital filterbank 

The success in 2005 meant that we needed 
somewhat more spatial coverage to complete our 
maps in the western half of the CHaMP window, 
and a somewhat broader mapping strategy for the 
eastern half. More significantly, it also became ob- 
vious from the sample maps of other tracers that 
no one tracer would give us an unbiased look at all 
dense molecular gas; the imperfect correlations be- 
tween (e.g.) C^^O and HCO+ visible in the Nan- 
ten data became even more glaring once we went 
to Mopra's higher resolution. The commissioning 
of the MOPS digital filterbank in the early part 
of the 2006 observing season largely circumvented 
this issue, and enabled us to enlarge the scope of 
CHaMP at no extra cost in observing time. This 
revolutionary 128k-channel backend can instanta- 
neously accept up to 8 GHz from the receiver, en- 
gineering a paradigm shift in how spectral line sur- 
veys can be conducted. 

MOPS can be employed in either "broad- 
band" or "zoom" mode. With the former, the 
full 8.2 GHz available bandwidth is observed with 
32,768 270-kHz-wide channels in each polarisa- 



tion, corresponding to a velocity resolution of 
0.90kms~^ at 90GHz. In contrast the latter, 
shown schematically in Figure SI allows up to 
eight (in 2006) or sixteen (from 2007 onwards) in- 
dependently selectable 138-MHz-wide "zoom IFs" 
to be observed simultaneously from within the fil- 
terbank's 8 GHz total instantaneous bandwidth, 
up to four of these per 2.2 GHz block of the fil- 
terbank. Although there is a limit to how many 
zoom modes can be observed within each block, 
the positioning of the zoom modes in frequency 
is completely flexible within the block, in steps 
of 69 MHz (i.e., half the zoom width). Thus any 
4 of 32 possible centre frequencies can be chosen 
across each 2.2 GHz, giving arbitrary coverage of 
each block. This "interleaved" zoom mode, which 
allowed better simultaneous centering of the cho- 
sen spectral lines within each zoom band, was also 
available from 2007 on. Each zoom mode is then 
assigned 4096 channels in each of two orthogonal 
polarisations, resulting in a spectral resolution of 
34kHz, or O.llkms-i at 90 GHz. See Table[3]for 
a summary of the spectral coverage in these two 
seasons. 

In 2006-07 maps were made by coadding OTF 
fields which abut each other on the sky to cover 
larger areas. Usually the individual OTF fields 
were 5'x5', but they ranged in size from 3'x3' to 
7' X 7' where necessary to better conform to the de- 
sired coverage, given the extent of emission seen 
in the Nanten maps. The reference positions used 
for sky-subtraction during all mapping were at lo- 
cations which show no emission in the Nanten CO 
maps. Most map areas were scanned at least once 
in each of I and b in order to minimise rastering 
artifacts and noise variations, although some areas 
were only scanned once due to time limitations. 

In summary, for the 2004-07 austral winter sea- 
sons we mapped the brightest 121 Nanten clumps 
to yield 301 Mopra HCO+ clumps (see below), but 
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Table 3 

MOPS FILTERBANK SETUPS FOR 2006 & 2007 



Species 


Transition 


Frequency 


Utility 


IF Zoom Number" 






(GHz) 




Setup 1 Setup 2 


Setup 3 


NHaD 


Jk+a'- = 1ii— >loi 


85.925-8 (6hf) 


coldest dense gas 


8 


16 


SiO 




86.243 


maser 


7 


15 




J=1^0 


86.339-44 (3hf) 


Class I tracer 


8 6 


14 


1 H CO 


J=l— ^0 


86.754 


densest gas 






\ HCO 


</a'+k- = 1oi— ^-Ooo 


86.777,806 (2hf) 


PDR interface 


\ 


13 


[ SiO 


.7=2^1 


86.847 


outflows 


\ 




HNCO 


Jjf +K- =4o4— >-3o3 


87.925 


chemistry 




12 


HON 




88.630-4 (3hf) 


Class I tracer 


4 


11 


CH3OH 


JA-+A'-=153,12-i>144,ll A 


88.940 


hot core/maser 




10 


/ HCO+ 


J=l-^0 


89.189 


infall, outflow 1 








59a 


89.247 


HIT regions J 


6 3 


9 


CH3CH2CN 


Ja+a- =1091— >■ 990 


89.549 


organic chemistry 




8 


HNC 




90.664 


chemistry 




7 


HC3N 


J=10-^9 


90.979 


prestellar gas 




6 


CH3OCH3 


Ja+A-=322->3i3 


91.474-9 (4cpts) 


organic chemistry 




5 


CH2DOH 


>/a+A-=4i3— >-4o4 


91.587 


cold to hot gas 




4 


CH3CN 


J=5^4 


91.959-87 (K-lad) 


thermometer 


2 


3 


'^CS 


J=2^1 


92.494 


dense gas, infall 




2 


r N2H+ 


J=1^0 


93.171-6 (7hf) 


cold dense gas 




1 


\ CH3OH 


7a'+a- = 1oi— >'2i2 E 


93.197 


hot core/maser 


} ^ ' 





^See Table [2] for dates on which these setups were used. 

simultaneously covering many other spectral lines 
in the 85-93 GHz range, among them the J=l— ^0 
transitions of HCO+, HCN, N2H+, Hi3C0+, and 
H^^CN. At these frequencies, Mopra has a half- 
power beamwidth of 36", an inner error beam 
which extends to ^^80", and a coupling efficiency 
of 0.65-0.62 (at 8 5-93 GHz, resp.) to sources of 
size a few arcmin (iLadd et al.ll2005( ). 



2.4. Data Reduction and Processing 

As the flagship species in our filterbank setup 
(it is usually the brightest and most widespread), 
we report here only the HCO+ results from the 
observing campaign described above; we leave for 
later papers the presentation of results of other 
observed species. 

The raw OTP data from each season were 
processed with the Livedata-Gridzilla package 
( Barnes et al. 200l[ ) by bandpass division and 
baseline subtraction. The 2s-long OTP samples 



were then regridded onto a regular grid of 12" 
pixels, where the samples were weighted by T^yg, 
before averaging them into each gridded pixel. 
Weighting by the rms^^ of the spectra was not an 
option provided by Gridzilla; however as described 
above, since 2007 the continuously-measured Tsyg 
has effectively given the same information for each 
2 s sample. Por all Mopra maps shown here, the 
effective telescope HPBW has been smoothed at 
the gridding stage to 40" from the intrinsic 36", 
in order to further improve the S/N. The resulting 
spectral line data cubes have low but, due to varia- 
tions in weather and coverage, somewhat variable 
rms noise levels, typically ranging from 0.2 K up 
to 0.5 K (with rare extremes up to 0.8 K) on the 
scale, per 0.11 km s~^ channel; the meaniSD 
across all maps is 0.31±0.09K per channel. Al- 
though the pointing (checked on the SiO maser 
source R Carinae every hour or two) was typi- 
cally good to 10" or better (<1 pixel on the scale 
of our maps), because of the simultaneity of the 
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spectral line mapping afforded by MOPS, the spa- 
tial registration of features between these lines is 
perfect. 



3. Mopra HCO+ Maps 

3.1. Catalogue of Integrated 
Maps by Region 



Intensity 



We show in the electronic edition of the Jour- 
nal all HCO+J=1^0 integrated intensity 
(i.e., zeroth- moment) maps from our processed 
data cubes; an example is also shown in Figure 
O In all cases the maps presented here are on the 
scale, where we have used a conversion 77^ = 
0.64 at 89 GHz from to T* (iLadd et al.ll2005l) . 



where = T^/Vc- As mentioned in ^2.21 above, 
the sources from the NMC are organised into "Re- 
gions" for convenience; these are simply areas no 
larger than square around groups of sources 
at all velocities, and do not necessarily indicate a 
physical association. 

In each figure the brightness scale (shown by the 
colour bar) is linear and chosen to show the full 
range of emission features; it varies (by a factor of 
>10) from Region to Region. Such a display, how- 
ever, makes it difficult for the viewer to gauge the 
relative strength of features between maps. There- 
fore to facilitate comparisons, we have also over- 
laid contours at 2- to 5cr-intervals on each map 
(where cr = the rms noise level over line-free chan- 
nels in that map). While the noise level does also 
vary somewhat from map to map (as described 
above), the contours give the reader a much more 
intuitive way to judge what features should be 
viewed with suspicion vs. those that are reliably 
above the noise. 

Sources are identified by generally requiring a 
combination of peak integrated intensity >5cr in 
the zeroth-moment map and peak temperature 
>3(T in the data cube. For the integrated inten- 
sities (and indeed all moment maps), we limited 
the velocity intervals of integration to only those 
ranges over which emission can be reliably dis- 
cerned in the full data cubes, i.e. contiguous areas 
above 2a. This is described further in the next 
section. We also show in each figure the smoothed 
Mopra HPBW (40") which, as captioned beneath 
each figure, also gives a physical size scale at the 
given distance to the source (see §4.1|) . Secondary 
peaks near a brighter source were generally consid- 



ered to be separate sources if their peak position 
fell outside the brighter source's half-power con- 
tour; otherwise the secondary peak was deemed 
to be part of the brighter source, unless both had 
high S/N and seemed to be a well- formed double 
peak. 

We also attempted various automated clump- 
finding algorithms but, in our complex maps with 
variable noise levels, these proved less than satis- 
factory. Our heuristic approach, although difficult 
to reproduce algorithmically, nevertheless ensures 
a high reliability for source identification. We es- 
timate our detection rate for clumps brighter than 
5ct at the position of each source in the integrated 
intensity maps is at least 95%, and likely close to 
100%. Similarly, we estimate our false positive 
rate is likely less than 5%, even in cases where 
the map noise varies with position due to known 
incomplete coverage or instances of poor weather. 
After allowing for these complications, one can see 
in these maps a wide range of emission morpholo- 
gies (from compact to fairly extended, compared 
to the beam) and brightnesses (from the detection 
threshold to S/N ratios up to 100). Altogether we 
identified 301 "Mopra clumps" from the 121 Nan- 
ten clumps mapped, reinforcing the high detection 
rate described in i j2.3.2l 

3.2. Catalogue of Higher-Moment Maps 
by Region 

In the online edition of the Journal (S|B]) we next 
show all the higher-moment maps for each Region, 
with an example in Figure [6l For each Region or 
source map in SjAj we give 4 panels in fJE] with 
the same contours overlaid from ifAl The panels 
are (a) the peak temperature (Tpcak) map, (b) the 
rms (cr) map computed over line-free channels, (c) 
the intensity-weighted mean LSR-velocity (I^^sr) 
of the emission (first moment), and (d) the ve- 
locity dispersion (cry — A Vfwhm /\/8 ln2) in the 
emission line (second moment). 

As mentioned in the last section, each Region's 
data cube has been integrated over a different 
range of velocities to derive the various moment 
maps. The velocity ranges chosen were those 
where contiguous emission above 2cr was detected. 
Considerable care was taken to ensure that each 
emission feature in {l,b,v) was separately identified 
and, where necessary, appropriately integrated. In 
many maps, this was relatively straightforward 
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since the 3D emission patterns were fairly isolated 
in {l,b,v). In some Regions, however, muhiple 
spectral features at different velocities overlay each 
other spatially, and in such cases have been sep- 
arately integrated. The most complex case was 
that of BYF99 in Region 10, requiring 18 sep- 
arate {l,b,v) components to be fully decomposed 
due to its very complex variation of velocity and 
linewidth with position. For each separate Mo- 
pra clump, however, all moment maps were in- 
tegrated over the same velocity range to derive 
the parameters listed in Table H] for that clump. 
In a few such cases, more moment-velocity ranges 
were computed for measurement of clump prop- 
erties than are shown in the Figures (see Table S] 
for all of these). For the Figures that are shown, 
however, the integration ranges are given in the 
caption to each. In addition, to guide their visual 
inspection, each of the higher-moment maps for a 
given Region or feature has been overlaid in [jB]by 
the same contours of integrated intensity as in iRl 
as given in each caption. 

3.3. The Mopra Source Catalogue 

For each source in these maps that could be 
separated in 3 dimensions {l,b,v) as described in 
§3.11 we have measured standard line param- 
eters which we present in Table H) We also 
provide online versions of Tables [H SI and [SI 
and all the moment maps described above and 
appearing in the Appendices, at our website 
wwvir.astro.ufl.edu/champ. The coordinates 
and new designations in columns 1-3 of Table |4] 
are now from the Mopra HCO^ maps as shown 
in Figures B^HSl Here we have added letter suf- 
fixes to the NMC catalogue numbers to indicate 
how the higher-resolution Mopra beam breaks up 
the emission in the Nanten maps into smaller sub- 
clumps. These coordinates are defined by the 
peak positions of the Mopra integrated intensity 
(or zeroth moment), which values we give in col- 
umn 4. Moment values in subsequent columns 
of this table, measured from Figures 149^811 are 
given only at the coordinate values of column 4, 
even if (for example) the peak temperature at that 
coordinate is not a local maximum. The velocity 
ranges over which all the moments in a given map 
were computed are given in column 5 (these are 
the same ranges as given in the respective figure 
captions). We then respectively give in columns 



-2.450° 



3 



O 



-2.550° 




-2.650° 



(a) 



(b) 



281.650° 261.600° 281.550° 281.500° 
Galactic Longitude 

Glon: 281.55768° 



Glat: -2.4746486° 




-20 
Velocity (km/s) 



Fig. 5. — (a) Mopra integrated intensity HCO"*" 
J=l->-0 map of BYFU from the Nanten Master 
Catalogue, on the scale as given by the colour- 
bar. The integration is over the range -12 to - 
3 kms~^ or 80 channels, yielding an rms noise level 
0.238Kkms~^: hence the contiguous low-level emis- 
sion above ~0.5Kkms~^ is real. To aid in the iden- 
tification of significant features, contour levels spaced 
every 4a { — 0.952 Kkms~^) are overlaid. Emission 
peaks in {l,b,v) space, fitted by the gaussians listed 
in Table |4j are also shown at their half-power widths. 
The smoothed Mopra HPBW (40") is shown for refer- 
ence in the lower-left corner. At a distance of 3.2 kpc 
(see EUl, the scale is 40" = 0.621 pc or Ipc = 64"5. 
(b) Sample spectrum from the peak of the map in (a). 
Note that this spectrum is on the TX scale. 
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Table 4 

MopRA HCO+,/=1^0 Observed Parameters 



BYF 


; 


b 




V ra.ngc 


-i p 


^LSR 




n 

"ma J 




PA 




d?. 

km 


no. 


deg 


deg 


K km s ^ ^ 


km s ~ ■'■ 


K 


km 


km s~ ^ 


arcsec 


arcsec 


dpi? 


kpc 


kpc 


2 


N 


N 


- (8) 


-14.0,-1.8 


- (6) 


_ 


_ 


_ 


_ 


_ 


3.2(5) 


-/- 


3 


N 


N 


- (7) 


-14.0,-1.8 


- (5) 


_ 


_ 




_ 


_ 


3.2(5) 


-/- 


4 


N 


N 


- (6) 


-14.0,-1.8 


- (5) 




_ 


_ 


_ 


_ 


3.2(5) 


-/- 


5a 


280.988 


-1.543 


5.85(32) 


-14.0,-1.8 


1.60(23) 


-10.6 (3) 


1.9 (3) 


206(12) 


82(13) 


117(3) 


3.2(5) 


1.60/1.60 


5b 


281.018 


-1.587 


3.36(32) 


-14.0,-1.8 


1.0 (4) 


-8.5(14) 


3.1 (3) 


64(14) 


<40 


115(5) 


3.2(5) 


1.61/1.61 


5c 


281.048 


-1.503 


2.63(32) 


-14.0,-1.8 


1.03(30) 


-6.5(13) 


3.0 (7) 


121(13) 


66(14) 


132(5) 


3.2(5) 


1.61/1.61 


5d 


281.051 


-1.537 


2.32(32) 


-14.0,-1.8 


0.93(20) 


-6.8 (3) 


2.6 (4) 


183(12) 


122(13) 


28(5) 


3.2(5) 


1.61/1.61 


6 


N 


N 


- (6) 


-14.0,-1.8 


- (5) 


_ 




_ 


_ 


_ 


3.2(5) 


-/- 


7a 


281.091 


-1.593 


2.59(32) 


-14.0,-1.8 


1.04(27) 


-8.0(10) 


2.7 (5) 


312(12) 


94(13) 


161(5) 


3.2(5) 


1.62/1.62 


7b 


281.161 


-1.637 


2.39(32) 


-14.0,-1.8 


0.86(27) 


-7.8(12) 


2.4 (8) 


151(12) 


113(13) 


0(5) 


3.2(5) 


1.63/1.63 


8 


N 


N 


-(8) 


-14.0,-1.8 


- (6) 


_ 


_ 


_ 


_ 




3.2(5) 


-/- 


9 


281.365 


-1.797 


2.59(32) 


-14.0,-1.8 


1.36(24) 


-4.9 (3) 


1.7 (7) 


128(13) 


77(14) 


104(5) 


3.2(5) 


1.66/1.66 


10 


N 


N 


- (4) 


-4.8,-2.5 


- (8) 






_ 


_ 


_ 


3.2(5) 


-/- 


11a 


281.558 


-2.475 


7.47(24) 


-12.0,-3.0 


1.91(22) 


-6.88(12) 


1.64(10) 


139(12) 


85(13) 


62(3) 


3.2(5) 


1.68/1.68 


lib 


281.509 


-2.553 


2.50(24) 


-12.0,-3.0 


0.93(25) 


-8.02(21) 


1.79(12) 


175(12) 


<141 


128(5) 


3.2(5) 


1.68/1.68 


11c 


281.519 


-2.540 


2.30(24) 


-12.0,-3.0 


1.15(25) 


-8.66(17) 


1.7 (3) 


>45 


45(16) 


43(5) 


3.2(5) 


1.68/1.68 


12 


N 


N 


- (33) 


-4.8,-2.5 


- (6) 


_ 




_ 


_ 




3.2(5) 




13 


N 


N 


- (23) 


-4.8,-2.5 


- (4) 


_ 


_ 


_ 


_ 


_ 


3.2(5) 


-/- 


14 


281.658 


-0.563 


1.78(28) 


-4.8,-2.5 


2.0 (5) 


-3.98(12) 


0.42(12) 


78(14) 


75(14) 


75(5) 


3.2(5) 


1.70/1.70 


15 


281.749 


-1.420 


1.47(34) 


-2.0,-1-2.5 


1.1 (5) 


+0.54(22) 


1.28(22) 


64(14) 


36(18) 


26(3) 


3.2(5) 


1.09/2.33 


16a 


281.709 


-1.100 


2.42(34) 


-2.0,-1-2.5 


1.8 (5) 


+ 1.04(25) 


0.38(26) 


36(18) 


<48 


0(3) 


3.2(5) 


0.90/2.51 


16b 


281.719 


-1.087 


1.97(34) 


-2.0,-1-2.5 


1.8 (5) 


+0.46(27) 


1.14(19) 


114(13) 


<50 


6(3) 


3.2(5) 


1.14/2.28 


16c 


281.745 


-1.080 


1.60(34) 


-2.0,-1-2.5 


1.3 (5) 


+0.77(30) 


1.12(21) 


>87 


<48 


90(5) 


3.2(5) 


0.99/2.43 


16d 


281.695 


-1.083 


1.40(34) 


-2.0,-1-2.5 


1.8 (5) 


-0.16(24) 


1.33(28) 


45(16) 


<50 


37(3) 


3.2(5) 


1.70/1.70 


17a 


281.762 


-2.017 


3.6 (5) 


-8.3,-3.0 


2.1 (7) 


-5.3 (5) 


1.2 (4) 


55(15) 


<50 


143(3) 


3.2(5) 


1.71/1.71 


17b 


281.778 


-2.013 


3.6 (6) 


-8.3,-3.0 


2.1 (8) 


-5.81(29) 


1.4 (5) 


45(16) 


<51 


146(3) 


3.2(5) 


1.71/1.71 


17c 


281.762 


-1.990 


2.0 (5) 


-8.3,-3.0 


2.6 (7) 


-6.19(27) 


1.35(31) 


113(13) 


<49 


87(3) 


3.2(5) 


1.71/1.71 


18 


N 


N 


- (4) 


-11.0,-5.0 


- (5) 


_ 


_ 


_ 


_ 


_ 


3.2(5) 


-/- 


19a 


281.855 


-1.547 


1.79(32) 


-11.0,-5.0 


1.1 (4) 


-7.6 (6) 


1.44(34) 


86(13) 


61(14) 


115(3) 


3.2(5) 


1.73/1.73 


19b 


281.852 


-1.567 


1.54(33) 


-11.0,-5.0 


1.0 (4) 


-7.4 (4) 


1.4 (5) 


81(13) 


45(16) 


90(3) 


3.2(5) 


1.73/1.73 


20 


281.885 


-1.890 


1.91(33) 


-11.0,-5.0 


1.2 (4) 


-8.0 (4) 


1.63(18) 


121(13) 


64(14) 


41(3) 


3.2(5) 


1.73/1.73 


21 


N 


N 


-(32) 


-11.0,-5.0 


-(4) 












3.2(5) 


-/- 


22 


282.213 


-1.829 


2.79(19) 


-17.2,-12.2 


1.21(23) 


-14.83(17) 


1.27(14) 


251(12) 


61(14) 


96(5) 


3.2(5) 


1.78/1.78 


23 


282.236 


-0.508 


4.81(26) 


-5.0,-1-0.3 


2.13(31) 


-2.72(24) 


1.16(10) 


106(13) 


77(14) 


128(3) 


3.2(5) 


1.78/1.78 


24 


282.229 


-0.838 


3.93(24) 


-14.6,-10.0 


1.78(34) 


-12.17(10) 


1.10 (8) 


128(13) 


75(14) 


86(3) 


3.2(5) 


1.78/1.78 


25 


282.263 


-1.853 


2.12(19) 


-17.2,-12.2 


1.10(27) 


-14.95(16) 


1.21(10) 


276(12) 


206(12) 


24(3) 


3.2(5) 


1.78/1.78 


26 


282.253 


-1.773 


1.57(19) 


-17.2,-12.2 


0.87(26) 


-14.4 (2) 


1.3 (2) 


173(12) 


106(13) 


120(5) 


3.2(5) 


1.78/1.78 


27 


282.293 


-0.745 


1.31(17) 


+4.8,-1-7.0 


1.07(28) 


+5.97 (7) 


0.65 (9) 


191(12) 


64(14) 


167(3) 


3.2(5) 


3.76/3.76 


32a 


282.857 


-0.969 


4.31(34) 


-9.0,-2.0 


2.2 (4) 


-5.0 (4) 


1.3 (5) 


66(14) 


51(15) 


135(3) 


3.2(5) 


1.87/1.87 


32b 


282.800 


-0.959 


1.77(34) 


-9.0,-2.0 


1.4 (4) 


-5.3 (6) 


1.17(24) 


94(13) 


<50 


0(3) 


3.2(5) 


1.86/1.86 


36a 


283.188 


-0.990 


4.64(30) 


-9.1,-1.2 


1.65(35) 


-6.4 (3) 


1.3 (4) 


123(13) 


100(13) 


108(5) 


3.2(5) 


1.92/1.92 


36b 


283.145 


-0.980 


4.65(30) 


-9.1,-1.2 


1.98(36) 


-5.36(19) 


1.35(20) 


>101 


100(13) 


99(5) 


3.2(5) 


1.91/1.91 


36c 


283.131 


-1.000 


3.93(30) 


-9.1,-1.2 


1.57(32) 


-3.8 (3) 


1.36(24) 


116(13) 


101(13) 


170(5) 


3.2(5) 


1.91/1.91 


36d 


283.171 


-1.020 


2.82(30) 


-9.1,-1.2 


1.34(31) 


-6.25(25) 


1.5 (4) 


>106 


>77 


141(5) 


3.2(5) 


1.91/1.91 


36c 


283.158 


-1.037 


2.08(30) 


-9.1,-1.2 


0.94(34) 


-6.38(26) 


1.55(24) 


131(13) 


50(15) 


96(5) 


3.2(5) 


1.91/1.91 


37a 


283.211 


-1.030 


3.22(21) 


+2.1,-1-5.85 


1.85(19) 


+4.00(10) 


0.78 (7) 


67(14) 


52(15) 


90(3) 


3.2(5) 


0.14/3.70 


37b 


283.225 


-1.050 


1.53(21) 


+2.1,+5.85 


1.02(30) 


+4.4 (4) 


1.00(30) 


>57 


45(16) 


145(5) 


3.2(5) 


0.07/3.77 


38 


283.546 


-2.271 


4.73(22) 


-6.5,-2.7 


2.65(34) 


-4.34(15) 


0.81 (3) 


94(13) 


65(14) 


43(3) 


2.0(5) 


1.97/1.97 
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Fig. 6. — Higher-moment Mopra HC0^J=1— )-0 images for BYF 11, with contours of integrated intensity at 4a 
( — 0.952Kkms~^) intervals. All moments were calculated over the same velocity range as in Fig.[Sl The fitted 
gaussians and 40" smoothed telescope beam are shown as in Fig.O at a source distance of 3.2 kpc, 40" corresponds 
to a linear scale of 0.62 pc. (a) Peak HCO^ line temperature Tpcak. (b) rms noise level a over line-free channels, (c) 
Intensity- weighted mean velocity field Vlsr (first moment), (d) Velocity dispersion cry (second moment). 
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Table 4 — Continued 



BYF 


; 






A/ VflTlP'P 




''LSR 


(Ty 






PA 


"cl 


"kin 




deg 


deg 


K kms~ 




K 


km s ^ 








deg 


kpc 


kpc 


40a 


284.012 


-0.859 


26.29(31) 


+4.5,+13.9 


5.31(28) 


+8.92(16) 


1.98 (8) 


95(13) 


38(17) 


145(3) 


6.6 


5) 


4.62/4.62 


40b 


284.032 


-0.893 


12.28(31) 


+4.5,+13.9 


3.32(28) 


+8.80(12) 


1.70 (4) 


107(13) 


74(14) 


90(3) 


6.6 


5) 


4.61/4.61 


40c 


284.019 


-0.903 


6.44(31) 


+4.5,+13.9 


2.67(28) 


+8.68(16) 


1.2 (3) 


57(15) 


<51 


120(9) 


6.6 


'5) 


4.59/4.59 


40d 


283.996 


-0.843 


8.28(31) 


+4.5,+13.9 


2.59(31) 


+7.84(28) 


1.78 (9) 


>85 


38(17) 


128(3) 


6.6 


'5) 


4.48/4.48 


40e 


284.052 


-0.879 


5.66(31) 


+4.5,+13.9 


1.85(26) 


+9.41(28) 


1.56(26) 


>103 


107(13) 


12(5) 


6.6 


5) 


4.69/4.69 


40f 


284.049 


-0.836 


5.29(31) 


+4.5,+13.9 


1.60(24) 


+8.23(23) 


2.06(21) 


170(12) 


82(13) 


16(3) 


6.6 


5) 


4.54/4.54 


40g 


283.982 


-0.806 


3.29(31) 


+4. 5, +13. 9 


1.39(31) 


+9.6 (3) 


2.3 (3) 


116(13) 


78(13) 


99(3) 


6.6 


5) 


4.70/4.70 


41 


284.149 


-1.013 


2.14(21) 


+0.7,+5.0 


1.44(35) 


+2.23(27) 


0.9 (3) 


160(12) 


160(12) 


0(3) 


6.6 


5) 


0.42/3.68 


42a 


284.149 


-1.056 


1.74(21) 


+0.7,+5.0 


1.32(32) 


+3.71(16) 


0.99(21) 


126(13) 


<40 


174(3) 


6.6 


5) 


0.17/3.93 


42b 


284.149 


-1.076 


1.60(21) 


+0.7,+5.0 


1.39(31) 


+3.6 (3) 


1.0 (3) 


126(13) 


<40 


90(3) 


6.6 


5) 


0.19/3.92 


47 


284.682 


-0.663 


2.12(32) 


+1.0, +7.0 


1.9 (4) 


+3.1 (7) 


0.94(20) 


>94 


55(15) 


44(3) 


5.3 


5) 


0.26/4.00 


50 


N 


N 


- (5) 


-16.0,-4.0 


- (4) 












5.3 


5) 


-/- 


51 


N 


N 


- (4) 


-3.7,+7.8 


- (35) 












5.3 


5) 


-/- 


54a 


285.264 


-0.052 


24.1 (4) 


-3.7,+7.8 


5.20(34) 


+3.06(29) 


2.08(20) 


>45 


<48 


5(5) 


5.3 


5) 


0.26/4.17 


54b 


285.261 


-0.068 


18.6 (4) 


-3.7,+7.8 


4.71(34) 


+2.55(11) 


1.86(22) 


>86 


73(14) 


33(3) 


5.3 


5) 


0.34/4.09 


54c 


285.251 


-0.090 


10.0 (4) 


-3.7,+7.8 


3.01(33) 


+2.97(13) 


1.92(19) 


>74 


91(13) 


0(5) 


5.3 


5) 


0.27/4.15 


54d 


285.254 


-0.030 


10.7 (4) 


-3.7,+7.8 


2.92(31) 


+3.71(18) 


2.12(25) 


106(13) 


78(13) 


31(3) 


5.3 


5) 


0.16/4.26 


54e 


285.274 


-0.020 


7.4 (4) 


-3.7,+7.8 


1.8 (4) 


+3.1 (5) 


2.4 (5) 


116(13) 


>75 


11(5) 


5.3 


5) 


0.25/4.18 


54f 


285.311 


-0.080 


6.4 (4) 


-3.7,+7.8 


1.92(31) 


+0.2 (4) 


1.8 (4) 


119(13) 


75(14) 


110(3) 


5.3 


'5) 


0.74/3.69 


54g 


285.297 


-0.113 


3.6 (7) 


-3.7,+7.8 


2.1 (6) 


+3.0 (8) 


2.8(14) 


101(13) 


36(18) 


11(3) 


5.3 


;5) 


0.27/4.17 


54h 


285.337 


-0.043 


3.3 (4) 


-3.7,+7.8 


1.57(30) 


+1.53(28) 


2.4 (4) 


107(13) 


64(14) 


19(3) 


5.3 


5) 


0.50/3.94 


56a 


285.341 


-0.003 


5.7 (4) 


-3.7,+7.8 


1.83(31) 


-0.97(20) 


2.32(25) 


112(13) 


85(13) 


47(3) 


5.3 


5) 


0.99/3.45 


56b 


285.361 


+0.017 


3.8 (4) 


-3.7,+7.8 


1.7 (4) 


-0.5 (5) 


3.3 (4) 


61(14) 


45(16) 


10(5) 


5.3 


5) 


0.88/3.57 


56c 


285.374 


+0.030 


3.5 (4) 


-3.7,+7.8 


1.1 (4) 


+2.8(14) 


3.29(28) 


95(13) 


<50 


82(3) 


5.3 


5) 


0.29/4.16 


56d 


285.371 


0.000 


3.1 (4) 


-3.7,+7.8 


1.18(33) 


+0.3 (8) 


3.3 (5) 


75(14) 


60(14) 


134(5) 


5.3 


5) 


0.72/3.73 


57a 


285.445 


+0.750 


2.83(34) 


-6.0,+1.0 


1.7 (4) 


-3.05(29) 


1.61(19) 


126(13) 


60(14) 


95(3) 


5.3 


5) 


1.59/2.88 


57b 


285.418 


+0.723 


1.67(34) 


-6.0,+1.0 


1.2 (4) 


-2.86(32) 


1.77(29) 


>60 


36(18) 


178(5) 


5.3 


5) 


1.52/2.94 


60a 


285.933 


-0.670 


1.85(30) 


-10.0,-4.9 


1.6 (4) 


-7.6 (6) 


0.88(23) 


82(13) 


46(16) 


151(3) 


5.3 


5) 


2.31/2.31 


60b 


285.950 


-0.670 


1.53(30) 


-10.0,-4.9 


1.1 (4) 


-7.44 (4) 


1.20(13) 


60(14) 


<50 


78(5) 


5.3 


5) 


2.31/2.31 


61a 


285.937 


+0.033 


2.7 (4) 


-27.0,-11.0 


1.07(21) 


-19.6 (5) 


2.9(10) 


164(12) 


45(16) 


170(3) 


2.5 


3) 


2.31/2.31 


61b 


285.960 


+0.030 


2.7 (4) 


-27.0,-11.0 


0.79(25) 


-19.1 (7) 


3.1 (7) 


122(13) 


91(13) 


6(3) 


2.5 


3) 


2.31/2.31 


62 


285.983 


-0.504 


4.0 (4) 


-27.0,-11.0 


1.6 (5) 


-17.9(14) 


3.6 (7) 


86(13) 


<40 


120(3) 


2.5 


3) 


2.31/2.31 


63 


286.023 


+0.040 


4.6 (4) 


-27.0,-11.0 


1.49(28) 


-21.4 (5) 


2.5(11) 


77(14) 


36(18) 


148(3) 


2.5 


3) 


2.32/2.32 


64 


N 


N 


-(4) 


-27.0,-11.0 


- (32) 












2.5 


3) 




66 


286.083 


-0.080 


3.2 (4) 


-27.0,-11.0 


1.25(29) 


-20.6 (8) 


2.7(10) 


94(13) 


88(13) 


14(5) 


2.5 


3) 


2.33/2.33 


67 


286.073 


-0.007 


6.5 (4) 


-27.0,-11.0 


1.64(33) 


-20.0 (4) 


3.2 (3) 


129(13) 


46(16) 


78(3) 


2.5 


3) 


2.33/2.33 


68 


286.083 


+0.163 


6.0 (4) 


-27.0,-11.0 


1.49(29) 


-20.4 (3) 


3.0 (5) 


314(12) 


185(12) 


152(3) 


2.5 


3) 


2.33/2.33 


69 


286.120 


-0.117 


6.3 (4) 


-27.0,-11.0 


2.73(28) 


-21.9 (4) 


0.8 (8) 


151(12) 


74(14) 


96(3) 


2.5 


3) 


2.33/2.33 


70a 


286.157 


-0.160 


6.9 (4) 


-27.0,-11.0 


3.08(29) 


-21.09(25) 


1.6 (8) 


185(12) 


61(14) 


164(3) 


2.5 


3) 


2.34/2.34 


70b 


286.163 


-0.190 


6.8 (4) 


-27.0,-11.0 


3.18(26) 


-21.17(26) 


2.0 (6) 


177(12) 


61(14) 


174(3) 


2.5 


'3) 


2.34/2.34 


71 


286.193 


-0.307 


4.2 (4) 


-27.0,-11.0 


1.24(32) 


-20.9 (6) 


3.2 (6) 


131(13) 


78(13) 


100(3) 


2.5 


;3) 


2.34/2.34 


72 


286.180 


-0.010 


4.7 (4) 


-27.0,-11.0 


2.50(26) 


-21.73(27) 


2.6 (8) 


255(12) 


111(13) 


160(3) 


2.5 


'3) 


2.34/2.34 


73 


286.210 


+0.168 


10.9 (4) 


-27.0,-11.0 


3.13(28) 


-20.5 (4) 


2.0 (5) 


156(12) 


103(13) 


140(3) 


2.5 


'3) 


2.34/2.34 


76 


286.327 


-0.367 


4.8 (4) 


-27.0,-11.0 


1.45(28) 


-19.0 (6) 


3.2 (8) 


164(12) 


62(14) 


166(3) 


2.5 


'3) 


2.36/2.36 


77a 


286.360 


-0.284 


15.9 (4) 


-27.0,-11.0 


6.12(26) 


-22.57(23) 


1.6 (8) 


52(15) 


46(16) 


10(3) 


2.5 


3) 


2.37/2.37 


77b 


286.357 


-0.265 


15.1 (4) 


-27.0,-11.0 


5.66(26) 


-22.39(28) 


1.9 (4) 


114(13) 


61(14) 


96(3) 


2.5 


3) 


2.37/2.37 


77c 


286.377 


-0.244 


8.7 (4) 


-27.0,-11.0 


2.75(25) 


-23.8 (5) 


1.7 (9) 


203(12) 


>109 


76(3) 


2.5 


3) 


2.37/2.37 


77d 


286.330 


-0.290 


6.9 (4) 


-27.0,-11.0 


2.90(28) 


-21.7 (6) 


1.8 (7) 


85(13) 


66(14) 


41(3) 


2.5 


3) 


2.36/2.36 


78a 


286.397 


-0.364 


4.1 (4) 


-27.0,-11.0 


1.62(28) 


-18.8 (6) 


2.7 (6) 


135(13) 


64(14) 


27(3) 


2.5 


3) 


2.37/2.37 
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Table 4 — Continued 



BYF 


; 






V range 










^rmn 


PA 


"cl 


"kin 




deg 


deg 


K kms~ 


kms 




K 






Oil ^^oc^^ 




deg 


kpc 


kpc 


78b 


286.440 


-0.387 


3.8 (4) 


-27.0 


-11.0 


1.50(26) 


-15.4 (7) 


3.2 (8) 


182(12) 


103(13) 


78(5) 


2.5(3) 


2.38/2.38 


78c 


286.433 


-0.420 


3.6 (4) 


-27.0, 


-11.0 


1.24(29) 


-14.9 (7) 


3.6 (9) 


128(13) 


64(14) 


66(5) 


2.5(3) 


2.38/2.38 


79a 


286.465 


-0.107 


3.4 (4) 


-27.0 


-11.0 


1.55(28) 


-20.9(15) 


3.4(13) 


106(13) 


100(13) 


68(5) 


2.5(3) 


2.38/2.38 


79b 


286.467 


-0.137 


2.9 (4) 


-27.0 


-11.0 


1.23(20) 


-22.1 (8) 


3.2 (6) 


211(12) 


<40 


33(3) 


2.5(3) 


2.38/2.38 


79c 


286.510 


-0.114 


2.4 (4) 


-27.0 


-11.0 


1.61(27) 


-20.3 (9) 


4.2(12) 


101(13) 


60(14) 


9(5) 


2.5(3) 


2.39/2.39 


80 


N 


N 


- (4) 


-27.0 


-11.0 


- (30) 












2.5(3) 


-/- 


83 


286.969 


-0.693 


3.75(32) 


-23.5 


-12.9 


1.66(35) 


-17.2 (3) 


1.6 (7) 


200(12) 


95(13) 


52(3) 


2.5(3) 


2.45/2.45 


84 


N 


N 


- (32) 


-23.5 


-12.9 


- (33) 












2.5(3) 


-/- 


85a 


286.932 


-0.103 


3.62(32) 


-23.5 


-12.9 


1.73(27) 


-20.1 (3) 


1.6 (7) 


200(12) 


148(12) 


135(3) 


2.5(3) 


2.45/2.45 


85b 


286.999 


-0.077 


2.67(32) 


-23.5 


-12.9 


1.18(33) 


-20.3 (6) 


3.2 (7) 


237(12) 


123(12) 


145(3) 


2.5(3) 


2.46/2.46 


85c 


287.009 


-0.093 


2.43(30) 


-12.9,-3.3 


1.11(33) 


-9.0 (5) 


2.1 (6) 


141(12) 


57(15) 


50(3) 


2.5(3) 


2.46/2.46 


86a 


287.002 


-0.290 


4.19(32) 


-23.5 


-12.9 


1.38(27) 


-18.58(29) 


2.4 (5) 


191(12) 


85(13) 


46(3) 


2.5(3) 


2.46/2.46 


86b 


287.009 


-0.333 


3.31(32) 


-23.5 


-12.9 


1.54(23) 


-18.9 (6) 


1.6 (5) 


143(12) 


87(13) 


162(3) 


2.5(3) 


2.46/2.46 


87 


286.995 


-0.360 


5.18(32) 


-23.5 


-12.9 


2.19(27) 


-20.2 (6) 


1.7 (8) 


237(12) 


123(13) 


56(3) 


2.5(3) 


2.46/2.46 


88 


287.055 


-0.543 


2.83(32) 


-23.5 


-12.9 


1.35(25) 


-18.8 (8) 


1.5 (5) 


319(12) 


107(13) 


149(3) 


2.5(3) 


2.46/2.46 


89a 


287.075 


-0.083 


3.97(32) 


-23.5 


-12.9 


1.23(31) 


-19.4 (4) 


2.79(14) 


123(13) 


57(15) 


72(3) 


2.5(3) 


2.47/2.47 


89b 


287.059 


-0.140 


3.59(32) 


-23.5 


-12.9 


1.25(27) 


-17.15(16) 


1.77(18) 


>206 


>167 


70(9) 


2.5(3) 


2.46/2.46 


89c 


287.099 


-0.133 


3.67(30) 


—12.9 


,-3.3 


1.68(29) 


-6.18(34) 


1.4 (8) 


78(14) 


51(15) 


80(3) 


2.5(3) 


2.47/2.47 


90a 


287.105 


-0.737 


4.06(32) 


-23.5, 


-12.9 


1.83(24) 


-18.82(24) 


1.3 (4) 


246(12) 


106(13) 


40(3) 


2.5(3) 


2.47/2.47 


90b 


287.105 


-0.660 


3.54(32) 


-23.5, 


-12.9 


1.43(27) 


-19.8 (4) 


2.23(27) 


213(12) 


78(14) 


178(3) 


2.5(3) 


2.47/2.47 


90c 


287.135 


-0.717 


2.38(30) 


-32.0, 


-22.5 


0.92(26) 


-25.2(10) 


1.9(10) 


244(12) 


82(13) 


155(3) 


2.5(3) 


2.47/2.47 


91a 


287.159 


-0.860 


6.65(32) 


-23.5, 


-12.9 


2.13(26) 


-20.09(27) 


1.5 (5) 


301(12) 


151(12) 


174(3) 


2.5(3) 


2.48/2.48 


91b 


287.139 


-0.817 


3.77(32) 


-23.5, 


-12.9 


1.40(25) 


-18.9 (5) 


1.97(23) 


88(13) 


>74 


25(9) 


2.5(3) 


2.48/2.48 


91c 


287.119 


-0.853 


4.35(32) 


-23.5, 


-12.9 


1.25(26) 


-18.18(28) 


2.77(18) 


117(13) 


82(13) 


70(3) 


2.5(3) 


2.47/2.47 


91d 


287.119 


-0.883 


3.00(32) 


-23.5 


-12.9 


1.38(27) 


-19.3 (4) 


2.00(30) 


>126 


>114 


90(5) 


2.5(3) 


2.47/2.47 


91e 


287.145 


-0.963 


3.69(32) 


-23.5 


-12.9 


1.84(28) 


-19.32(10) 


1.13(23) 


218(12) 


55(15) 


132(3) 


2.5(3) 


2.48/2.48 


92a 


287.155 


-0.402 


3.48(32) 


-23.5 


-12.9 


1.13(25) 


-19.2 (5) 


2.4 (5) 


271(12) 


94(13) 


132(3) 


2.5(3) 


2.48/2.48 


92b 


287.195 


-0.390 


3.51(32) 


-23.5 


-12.9 


0.90(26) 


-18.8 (4) 


2.18(27) 


238(12) 


230(12) 


85(3) 


2.5(3) 


2.48/2.48 


93a 


287.175 


-0.657 


4.80(32) 


-23.5 


-12.9 


1.56(29) 


-20.31(34) 


2.00(26) 


249(12) 


163(12) 


177(3) 


2.5(3) 


2.48/2.48 


93b 


287.219 


-0.607 


4.07(32) 


-23.5 


-12.9 


1.02(27) 


-18.6 (7) 


2.71(31) 


224(12) 


113(13) 


94(3) 


2.5(3) 


2.49/2.49 


93c 


287.129 


-0.663 


3.38(32) 


-23.5 


-12.9 


0.93(26) 


-19.31(21) 


2.67(18) 


>138 


87(13) 


86(3) 


2.5(3) 


2.47/2.47 


94a 


287.155 


-0.762 


4.90(32) 


-23.5 


-12.9 


1.50(.30) 


-17.2 (6) 


2.43(33) 


190(12) 


131(13) 


110(3) 


2.5(3) 


2.48/2.48 


94b 


287.119 


-0.793 


4.47(32) 


-23.5 


-12.9 


1.54(28) 


-17.84(24) 


1.61(22) 


195(12) 


135(12) 


76(3) 


2.5(3) 


2.47/2.47 


94c 


287.175 


-0.743 


3.71(32) 


-23.5 


-12.9 


1.77(29) 


-17.7 (4) 


2.6 (5) 


>184 


36(18) 


65(3) 


2.5(3) 


2.48/2.48 


94d 


287.212 


-0.783 


3.17(32) 


-23.5 


-12.9 


1.29(30) 


-16.6 (6) 


1.9 (4) 


>234 


95(13) 


47(3) 


2.5(3) 


2.49/2.49 


94c 


287.235 


-0.757 


2.99(32) 


-23.5 


-12.9 


1.02(30) 


-18.14(32) 


2.96(24) 


106(13) 


36(18) 


32(3) 


2.5(3) 


2.49/2.49 


94f 


287.242 


-0.727 


2.97(32) 


-23.5 


-12.9 


1.31(27) 


-18.3 (7) 


2.1 (5) 


60(14) 


36(18) 


90(3) 


2.5(3) 


2.49/2.49 


94g 


287.232 


-0.693 


3.52(32) 


-23.5, 


-12.9 


1.25(31) 


-17.5 (5) 


2.34(19) 


103(13) 


75(14) 


49(3) 


2.5(3) 


2.49/2.49 


94h 


287.279 


-0.657 


4.02(32) 


-23.5, 


-12.9 


1.06(29) 


-18.48(29) 


2.4 (4) 


200(12) 


70(14) 


47(3) 


2.5(3) 


2.50/2.50 


95a 


287.222 


-0.538 


11.45(32) 


-23.5, 


-12.9 


4.16(24) 


-17.71(14) 


1.57(24) 


122(13) 


55(15) 


142(3) 


2.5(3) 


2.49/2.49 


95b 


287.222 


-0.567 


2.29(30) 


-32.0, 


-22.5 


1.06(24) 


-24.7 (5) 


1.0 (6) 


174(12) 


74(14) 


129(3) 


2.5(3) 


2.49/2.49 


95c 


287.255 


-0.507 


5.54(24) 


-22.0, 


-16.0 


2.27(26) 


-18.19(15) 


1.31 (4) 


82(13) 


45(16) 


67(3) 


2.5(3) 


2.49/2.49 


96 


287.225 


-0.220 


5.24(32) 


-23.5, 


-12.9 


1.91(23) 


-18.65(19) 


1.52(21) 


220(12) 


78(13) 


82(3) 


2.5(3) 


2.49/2.49 


97 


287.222 


-0.853 


5.02(32) 


-23.5 


-12.9 


1.86(30) 


-15.5 (4) 


1.4 (6) 


273(12) 


66(14) 


125(3) 


2.5(3) 


2.49/2.49 


98a 


287.322 


-0.743 


3.52(30) 


-32.0 


-22.5 


1.11(29) 


-26.47(11) 


1.93(31) 


304(12) 


139(12) 


76(3) 


2.5(3) 


2.50/2.50 


98b 


287.325 


-0.787 


2.49(30) 


-32.0 


-22.5 


1.16(28) 


-27.7 (6) 


2.5 (7) 


123(13) 


91(13) 


133(3) 


2.5(3) 


2.50/2.50 


98c 


287.269 


-0.793 


1.78(30) 


-32.0 


-22.5 


0.93(32) 


-29.2(12) 


2.2 (6) 


81(14) 


<49 


90(3) 


2.5(3) 


2.49/2.49 


99a 


287.349 


-0.637 


14.70(22) 


-22.0 


-17.0 


4.40(24) 


-19.20 (9) 


1.28 (3) 


134(13) 


36(18) 


34(3) 


2.5(3) 


2.50/2.50 


99b 


287.335 


-0.633 


6.48(20) 


-17.0, 


-13.0 


2.61(26) 


-15.26 (6) 


1.00 (5) 


178(12) 


88(13) 


112(3) 


2.5(3) 


2.50/2.50 
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Table 4 — Continued 



BYF 


; 


b 




V TcingG 






yj y 




n 

"mtn 


PA 


"cl 


"kin 




deg 


deg 


K kms~ 














deg 


kpc 


kpc 


99c 


287.365 


-0.603 


4.95(24) 


-12.0,-6.0 


1.93(25) 


-9.16(27) 


1.29(12) 


121(13) 


45(16) 


139(3) 


2.5(3) 


2.51/2.51 


99d 


287.399 


-0.533 


4.22(24) 


-12.0,-6.0 


2.18(27) 


-7.8 (4) 


0.76(17) 


61(14) 


<49 


8(3) 


2.5(3) 


2.51/2.51 


99e 


287.320 


-0.613 


2.77(28) 


-34.0,-26.0 


1.30(27) 


-29.49(27) 


1.48(33) 


>124 


77(14) 


72(3) 


2.5(3) 


2.50/2.50 


99f 


287.385 


-0.603 


2.73(30) 


-32.0,-22.5 


1.31(24) 


-26.88(30) 


1.82(34) 


>45 


44(16) 


44(3) 


2.5(3) 


2.51/2.51 


99g 


287.419 


-0.600 


4.75(29) 


-18.0,-9.0 


1.30(24) 


-14.0 (4) 


2.12(18) 


100(13) 


88(13) 


71(3) 


2.5(3) 


2.51/2.51 


99h 


287.385 


-0.633 


5.15(20) 


-14.0,-10.0 


3.23(31) 


-12.27(15) 


0.82 (9) 


70(14) 


61(14) 


156(3) 


2.5(3) 


2.51/2.51 


99i 


287.412 


-0.637 


2.82(24) 


-14.0,-8.0 


1.38(27) 


-10.6 (4) 


1.36(26) 


119(13) 


<49 


76(3) 


2.5(3) 


2.51/2.51 


99j 


287.379 


-0.640 


11.30(26) 


-28.0,-21.0 


4.07(27) 


-24.23(16) 


1.22 (7) 


174(12) 


107(13) 


161(3) 


2.5(3) 


2.51/2.51 


99k 


287.359 


-0.670 


5.34(26) 


-28.0,-21.0 


1.74(27) 


-23.55(22) 


1.83(19) 


>140 


128(13) 


0(5) 


2.5(3) 


2.51/2.51 


991 


287.309 


-0.617 


8.16(32) 


-23.5,-12.9 


2.24(27) 


-18.9 (4) 


2.4 (4) 


>183 


>148 


135(3) 


2.5(3) 


2.50/2.50 


99m 


287.339 


-0.610 


7.55(32) 


-23.5,-12.9 


2.04(27) 


-18.68(31) 


2.11(23) 


>240 


>180 


7(3) 


2.5(3) 


2.50/2.50 


99n 


287.319 


-0.643 


4.38(26) 


-28.0,-21.0 


1.40(26) 


-25.1 (4) 


1.84(18) 


147(12) 


>100 


150(3) 


2.5(3) 


2.50/2.50 


99o 


287.292 


-0.627 


3.91(26) 


-28.0,-21.0 


1.45(25) 


-24.6 (4) 


1.59(21) 


123(13) 


85(13) 


52(3) 


2.5(3) 


2.50/2.50 


99p 


287.295 


-0.560 


2.35(26) 


-28.0,-21.0 


1.27(27) 


-22.49(18) 


1.2 (4) 


113(13) 


61(14) 


129(3) 


2.5(3) 


2.50/2.50 


99q 


287.309 


-0.567 


8.50(24) 


-14.7,-8.5 


3.04(29) 


-11.87(19) 


1.27 (7) 


100(13) 


45(16) 


90(3) 


2.5(3) 


2.50/2.50 


99r 


287.305 


-0.543 


3.04(26) 


-22.0,-15.0 


1.07(28) 


-19.2 (4) 


1.45(32) 


>167 


>107 


77(5) 


2.5(3) 


2.50/2.50 


100a 


287.349 


-0.457 


5.16(26) 


-22.0,-15.0 


1.68(31) 


18.58(23) 


1.33(10) 


263(12) 


175(12) 


35(3) 


2.5(3) 


2.50/2.50 


100b 


287.365 


-0.520 


4.14(26) 


-22.0,-15.0 


1.57(29) 


-19.07(19) 


1.59 (9) 


213(12) 


117(13) 


20(3) 


2.5(3) 


2.51/2.51 


100c 


287.402 


-0.520 


2.84(26) 


-20.0,-13.0 


1.12(28) 


-16.36(27) 


1.78(13) 


54(15) 


>51 


12(3) 


2.5(3) 


2.51/2.51 


lOOd 


287.395 


-0.410 


4.32(26) 


-22.0,-15.0 


1.75(29) 


-18.40(21) 


1.31(13) 


>123 


78(13) 


25(3) 


2.5(3) 


2.51/2.51 


lOOe 


287.405 


-0.370 


2.38(26) 


-22.0,-15.0 


1.22(30) 


-17.92(16) 


1.64(17) 


117(13) 


>91 


115(3) 


2.5(3) 


2.51/2.51 


lOOf 


287.335 


-0.403 


4.20(26) 


-17.0,-10.0 


1.58(35) 


-13.71(18) 


1.40(12) 


>55 


>31 


135(5) 


2.5(3) 


2.50/2.50 


lOOg 


287.352 


-0.377 


2.10(26) 


-20.0,-13.0 


1.43(35) 


-16.12(19) 


1.58(13) 


>88 


60(14) 


80(5) 


2.5(3) 


2.51/2.51 


101a 


287.395 


-0.303 


2.49(26) 


-20.0,-13.0 


1.37(32) 


-16.63(25) 


1.4 (5) 


113(13) 


>45 


0(5) 


2.5(3) 


2.51/2.51 


101b 


287.442 


-0.317 


2.78(26) 


-20.0,-13.0 


1.11(29) 


-15.76(34) 


1.86(16) 


>123 


60(14) 


70(3) 


2.5(3) 


2.52/2.52 


102a 


287.462 


-0.413 


6.38(24) 


-18.5,-12.5 


3.24(31) 


-15.55 (9) 


0.88 (7) 


66(14) 


45(16) 


134(3) 


2.5(3) 


2.52/2.52 


102b 


287.445 


-0.400 


3.55(24) 


-18.5,-12.5 


1.69(24) 


-15.02(26) 


1.18(19) 


>130 


64(14) 


138(3) 


2.5(3) 


2.52/2.52 


102c 


287.452 


-0.363 


2.23(26) 


-20.0,-13.0 


1.14(34) 


-15.97(31) 


1.86(23) 


>45 


<30 


0(5) 


2.5(3) 


2.52/2.52 


102d 


287.522 


-0.420 


1.21(20) 


-13.0,-9.0 


0.96(34) 


-11.0 (6) 


1.03(14) 


>64 


36(18) 


110(5) 


2.5(3) 


2.53/2.53 


103a 


287.509 


-0.490 


3.02(23) 


-16.0,-10.5 


1.86(33) 


-13.6 (3) 


1.15(25) 


>113 


68(14) 


10(5) 


2.5(3) 


2.53/2.53 


103b 


287.492 


-0.503 


3.50(30) 


-16.0,-6.5 


1.04(31) 


-10.8(10) 


2.44(22) 


>113 


>61 


10(5) 


2.5(3) 


2.52/2.52 


103c 


287.472 


-0.527 


2.27(22) 


-15.0,-10.0 


1.03(36) 


-12.28(19) 


1.31(12) 


211(12) 


103(13) 


30(3) 


2.5(3) 


2.52/2.52 


103d 


287.472 


-0.543 


8.91(24) 


-22.0,-16.0 


3.58(33) 


-19.29(27) 


1.12 (5) 


95(13) 


36(18) 


103(3) 


2.5(3) 


2.52/2.52 


103c 


287.505 


-0.543 


1.80(23) 


-16.0,-10.5 


0.93(34) 


-13.5 (4) 


1.50(13) 


78(13) 


51(15) 


14(3) 


2.5(3) 


2.53/2.53 


104a 


287.505 


-0.698 


1.21(15) 


-32.0,-29.5 


1.20(35) 


-30.86(15) 


0.70 (9) 


51(15) 


36(18) 


71(3) 


2.5(3) 


2.53/2.53 


104b 


287.442 


-0.677 


4.02(30) 


-32.0,-22.5 


1.41(31) 


-26.5 (7) 


1.98(19) 


>114 


70(14) 


0(3) 


2.5(3) 


2.52/2.52 


104c 


287.422 


-0.657 


4.07(30) 


-32.0,-22.5 


1.38(27) 


-27.46(34) 


1.87(18) 


>107 


64(14) 


65(3) 


2.5(3) 


2.52/2.52 


105a 


287.643 


-0.727 


4.99(34) 


-32.5,-20.5 


2.09(25) 


-26.92(34) 


1.0 (4) 


128(13) 


61(14) 


10(3) 


2.5(3) 


2.55/2.55 


105b 


287.683 


-0.724 


4.42(34) 


-32.5,-20.5 


1.32(26) 


-26.02(24) 


1.9 (4) 


327(12) 


173(12) 


11(3) 


2.5(3) 


2.55/2.55 


105c 


287.673 


-0.807 


4.57(34) 


-32.5,-20.5 


1.36(28) 


-27.46(33) 


2.6 (4) 


153(12) 


70(14) 


173(3) 


2.5(3) 


2.55/2.55 


105d 


287.716 


-0.784 


3.58(34) 


-32.5,-20.5 


1.24(26) 


-27.0 (5) 


2.14(34) 


217(12) 


141(12) 


30(3) 


2.5(3) 


2.56/2.56 


105e 


287.760 


-0.784 


4.19(34) 


-32.5,-20.5 


1.35(29) 


-26.96(35) 


1.6 (6) 


107(13) 


67(14) 


175(3) 


2.5(3) 


2.56/2.56 


106a 


287.680 


-0.919 


7.25(34) 


-32.5,-20.5 


2.26(31) 


-28.05(27) 


1.33(32) 


138(12) 


45(16) 


0(3) 


2.5(3) 


2.55/2.55 


106b 


287.703 


-0.917 


4.25(34) 


-32.5,-20.5 


1.60(30) 


-29.6 (9) 


1.60(33) 


>77 


47(16) 


56(3) 


2.5(3) 


2.55/2.55 


106c 


287.676 


-0.867 


3.31(34) 


-32.5,-20.5 


1.7 (4) 


-26.4 (5) 


1.2 (4) 


<47 


<40 


155(3) 


2.5(3) 


2.55/2.55 


107a 


287.750 


-0.674 


6.49(20) 


-25.7,-21.5 


2.65(26) 


-23.71(11) 


1.01 (9) 


82(13) 


38(17) 


25(3) 


2.5(3) 


2.56/2.56 


107b 


287.766 


-0.664 


5.63(20) 


-30.0,-25.7 


2.92(27) 


-27.32(14) 


1.01 (4) 


140(12) 


88(13) 


78(3) 


2.5(3) 


2.56/2.56 


107c 


287.726 


-0.650 


3.30(25) 


-27.0,-20.5 


1.17(26) 


-23.75(23) 


1.58 (8) 


>195 


70(14) 


153(3) 


2.5(3) 


2.56/2.56 


107d 


287.723 


-0.637 


3.02(20) 


-32.0,-28.0 


1.56(28) 


-30.01 (7) 


1.00(12) 


122(13) 


60(14) 


168(3) 


2.5(3) 


2.56/2.56 
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Table 4 — Continued 



BYF 


I 






b 




V 1. ciiix^^ 












PA 


"cl 


"kin 




deg 


deg 


K kms~ 










Oil ^BC^^ 




deg 


kpc 


kpc 


107e 


287 


720 


-0 


590 


6.04(27) 


-30.0,-22.0 


2.11(30) 


-26.04(20) 


1.65(14) 


146(12) 


82(13) 


68(3) 


2.5 


3) 


2.56/2.56 


107f 


287 


740 


-0 


610 


3.77(29) 


-28.0,-19.0 


1.21(27) 


-23.78(11) 


2.02(18) 


>151 


>70 


37(5) 


2.5 


'3) 


2.56/2.56 


107g 


287 


796 


-0 


627 


4.07(25) 


-27.0,-20.5 


1.76(30) 


-24.10 (6) 


1.24(12) 


>147 


66(14) 


45(3) 


2.5 


3) 


2.57/2.57 


107h 


287 


815 


-0 


590 


2.85(26) 


-27.0,-20.0 


1.22(37) 


-24.00(14) 


1.35(25) 


173(12) 


82(13) 


61(3) 


2.5 


3) 


2.57/2.57 


107i 


287 


846 


-0 


624 


2.04(26) 


-27.0,-20.0 


1.04(29) 


-24.1 (6) 


1.7 (4) 


82(13) 


<49 


80(3) 


2.5 


3) 


2.57/2.57 


108a 


287 


810 


-0 


445 


3.80(26) 


-27.0,-20.0 


2.17(25) 


-23.11(12) 


1.08(17) 


151(12) 


60(14) 


0(3) 


2.5 


3) 


2.57/2.57 


108b 


287 


796 


-0 


550 


2.74(26) 


-27.0,-20.0 


1.21(29) 


-23.04(23) 


2.00 (9) 


433(12) 


78(14) 


23(3) 


2.5 


3) 


2.57/2.57 


108c 


287 


843 


-0 


457 


2.08(26) 


-27.0,-20.0 


1.33(34) 


-23.61(27) 


1.95(16) 


>78 


>46 


24(3) 


2.5 


3) 


2.57/2.57 


108d 


287 


850 


-0 


420 


1.69(26) 


-27.0,-20.0 


0.97(30) 


-24.0 (6) 


1.48(26) 


139(12) 


<49 


6(3) 


2.5 


3) 


2.57/2.57 


109a 


287 


813 


-0 


814 


16.55(31) 


-18.0,-9.5 


6.07(31) 


-14.58(18) 


1.07 (9) 


84(13) 


55(15) 


135(3) 


2.5 


3) 


2.57/2.57 


109b 


287 


816 


-0 


840 


5.68(31) 


-18.0,-9.5 


2.60(32) 


-14.9 (4) 


1.1 (4) 


>74 


52(15) 


0(5) 


2.5 


3) 


2.57/2.57 


109c 


287 


840 


-0 


827 


5.73(31) 


-18.0,-9.5 


1.93(31) 


-13.4 (4) 


1.66(17) 


>88 


<47 


121(3) 


2.5 


3) 


2.57/2.57 


109d 


287 


791 


-0 


840 


2.77(31) 


-18.0,-9.5 


1.67(29) 


-14.1 (4) 


1.5 (8) 


>45 


<50 


90(3) 


2.5 


3) 


2.57/2.57 


109c 


287 


816 


-0 


840 


1.05(16) 


-30.5,-28.0 


0.92(32) 


-29.19(19) 


0.66(10) 


89(13) 


<49 


80(3) 


2.5 


3) 


2.57/2.57 


109f 


287 


766 


-0 


867 


7.35(24) 


-17.0,-11.0 


3.40(25) 


-14.44(20) 


0.98 (5) 


75(14) 


<48 


140(3) 


2.5 


3) 


2.56/2.56 


110a 


287 


910 


-0 


987 


5.87(26) 


-25.0,-18.0 


1.78(24) 


-20.98(16) 


1.42 (8) 


282(12) 


100(13) 


157(3) 


2.5 


3) 


2.58/2.58 


110b 


287 


893 


-0 


950 


4.17(20) 


-23.0,-18.5 


2.71(23) 


-20.62 (7) 


0.73 (7) 


87(13) 


<50 


0(3) 


2.5 


3) 


2.58/2.58 


111a 


287 


960 


-1 


104 


7.14(32) 


-26.0,-15.0 


1.62(25) 


-20.31(22) 


2.68(11) 


364(12) 


195(12) 


131(3) 


2.5 


3) 


2.59/2.59 


111b 


287 


916 


-1 


070 


3.84(32) 


-26.0,-15.0 


1.68(33) 


-21.5 (6) 


2.23(24) 


>66 


33(19) 


139(3) 


2.5 


3) 


2.58/2.58 


111c 


288 


023 


-1 


107 


3.30(32) 


-26.0,-15.0 


1.02(26) 


-19.7 (4) 


2.46(19) 


57(15) 


36(18) 


62(3) 


2.5 


.3) 


2.60/2.60 


llld 


288 


073 


-1 


134 


3.69(32) 


-26.0,-15.0 


1.07(30) 


-19.1 (6) 


2.3 (9) 


253(12) 


88(13) 


101(3) 


2.5 


'3) 


2.61/2.61 


112 


288 


016 


-1 


184 


4.82(26) 


-23.5,-16.0 


2.09(28) 


-19.85(12) 


1.42(17) 


139(12) 


94(13) 


51(3) 


2.5 


'3) 


2.60/2.60 


113a 


288 


000 


-0 


872 


3.86(28) 


-28.0,-24.0 


2.3 (4) 


-26.27(22) 


0.76(14) 


97(13) 


51(15) 


149(3) 


2.5 


'3) 


2.60/2.60 


113b 


288 


000 


-0 


844 


1.25(28) 


-28.0,-24.0 


1.3 (5) 


-25.6 (5) 


1.1 (4) 


111(13) 


61(14) 


110(3) 


2.5 


3) 


2.60/2.60 


114a 


288 


066 


-0 


834 


3.23(26) 


-24.0,-18.0 


1.52(20) 


-20.71(13) 


1.37(10) 


143(12) 


54(15) 


158(3) 


2.5 


3) 


2.60/2.60 


114b 


288 


046 


-0 


800 


5.13(26) 


-24.0,-18.0 


2.06(34) 


-21.14 (7) 


1.42(10) 


>68 


55(15) 


17(5) 


2.5 


3) 


2.60/2.60 


114c 


288 


126 


-0 


867 


1.82(20) 


-21.5,-18.0 


1.41(32) 


-19.06(16) 


0.62 (8) 


267(12) 


36(18) 


121(3) 


2.5 


3) 


2.61/2.61 


115a 


288 


083 


-0 


709 


5.63(31) 


-16.5,-8.0 


2.3 (4) 


-12.27(33) 


1.92(12) 


75(14) 


<49 


6(3) 


2.5 


3) 


2.61/2.61 


115b 


288 


056 


-0 


765 


1.73(21) 


-14.0,-10.0 


1.4 (4) 


-12.21(26) 


0.82(24) 


120(13) 


>45 


84(3) 


2.5 


3) 


2.60/2.60 


115c 


288 


106 


-0 


807 


1.91(21) 


-14.0,-10.0 


1.5 (4) 


-11.64(19) 


0.86(18) 


43(16) 


<49 


115(3) 


2.5 


3) 


2.61/2.61 


116a 


288 


150 


-0 


924 


2.82(20) 


-21.5,-18.0 


2.35(34) 


-20.19 (7) 


0.75(11) 


116(13) 


<49 


74(3) 


2.5 


3) 


2.62/2.62 


116b 


288 


183 


-0 


934 


1.81(20) 


-21.5,-18.0 


1.6 (4) 


-19.52(11) 


0.65(19) 


91(13) 


<49 


105(3) 


2.5 


3) 


2.62/2.62 


116c 


288 


106 


-0 


957 


3.58(31) 


-26.0,-20.0 


1.6 (4) 


-23.09(20) 


1.20(11) 


>94 


40(17) 


65(5) 


2.5 


3) 


2.61/2.61 


117a 


288 


150 


-1 


177 


5.65(27) 


-22.0,-14.0 


2.02(30) 


-18.30(17) 


1.35(25) 


223(12) 


77(14) 


33(3) 


2.5 


3) 


2.62/2.62 


117b 


288 


120 


-1 


127 


5.38(32) 


-20.0,-9.0 


1.48(29) 


-14.4 (7) 


2.37(23) 


99(13) 


66(14) 


37(3) 


2.5 


3) 


2.61/2.61 


117c 


288 


153 


-1 


224 


1.86(27) 


-22.0,-14.0 


1.29(33) 


-18.4 (4) 


1.2 (6) 


74(14) 


45(16) 


90(3) 


2.5 


3) 


2.62/2.62 


117d 


288 


200 


-1 


144 


2.93(22) 


-20.0,-15.0 


1.85(31) 


-17.87 (8) 


0.81(20) 


>87 


>60 


90(3) 


2.5 


3) 


2.62/2.62 


117e 


288 


186 


-1 


124 


2.84(22) 


-20.0,-15.0 


1.39(31) 


-17.56(31) 


1.25(11) 


>106 


>94 


30(5) 


2.5 


3) 


2.62/2.62 


118a 


288 


253 


-1 


140 


12.77(27) 


-22.0,-14.0 


4.75(32) 


-17.69(23) 


1.41(12) 


91(13) 


48(16) 


42(3) 


2.5 


3) 


2.63/2.63 


118b 


288 


276 


-1 


117 


2.69(24) 


-21.0,-15.0 


1.37(30) 


-17.81(30) 


1.15(19) 


>113 


103(13) 


45(3) 


2.5 


3) 


2.63/2.63 


118c 


288 


213 


-1 


100 


2.93(24) 


-21.0,-15.0 


1.65(33) 


-18.17(23) 


1.47 (8) 


>151 


100(13) 


116(3) 


2.5 


3) 


2.63/2.63 


123a 


290 


302 


-0 


067 


1.7 (4) 


-3.0,+1.5 


1.2 (5) 


-1.0 (5) 


1.20(16) 


61(14) 


<49 


172(3) 


6.8 


5) 


0.67/5.16 


123b 


290 


282 


-0 


057 


1.3 (4) 


-3.0,+1.5 


1.8 (5) 


-0.28(21) 


0.94(18) 


82(13) 


<50 


66(3) 


6.8 


5) 


0.58/5.24 


123c 


290 


269 


-0 


040 


2.0 (4) 


-3.0,+1.5 


1.6 (5) 


-0.7 (6) 


1.0 (4) 


>66 


<50 


36(5) 


6.8 


5) 


0.63/5.19 


123d 


290 


299 


-0 


020 


1.4 (4) 


-3.0,+1.5 


1.5 (6) 


-0.5 (4) 


0.8 (5) 


70(14) 


31(19) 


50(3) 


6.8 


5) 


0.61/5.22 


126a 


291 


270 


-0 


715 


30.31(31) 


-31.0,-15.0 


6.71(23) 


-23.00(20) 


2.42(14) 


190(12) 


86(13) 


30(3) 


2.4 


5) 


3.05/3.05 


126b 


291 


287 


-0 


735 


13.69(31) 


-31.0,-15.0 


2.17(20) 


-22.63 (9) 


2.72(22) 


>95 


>57 


35(5) 


2.4 


5) 


3.05/3.05 


126c 


291 


257 


-0 


765 


12.42(31) 


-31.0,-15.0 


2.77(27) 


-23.82(22) 


2.56(11) 


155(12) 


>78 


103(5) 


2.4 


5) 


3.05/3.05 


126d 


291 


247 


-0 


693 


8.10(31) 


-31.0,-15.0 


1.87(22) 


-24.5 (5) 


3.3 (4) 


>85 


>36 


45(5) 


2.4 


5) 


3.04/3.04 
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Table 4 — Continued 



BYF 


I 

deg 


b 
deg 


K kms~ 




K 




(Ty 






PA 
deg 


"cl 
kpc 




"kin 
kpc 


126e 


291 


297 


-0 


780 


6.09(31) 


-31.0,-15.0 


2.0 (4) 


-24.0 (4) 


3.0 (5) 


>107 


>86 


75(5) 


2 


4 


5) 


3 


05/3.05 


127 


291 


318 


-1 


749 


1.17(23) 


-6.1,-3.8 


1.6 (5) 


-4.79(24) 


0.61(13) 


163(12) 


57(15) 


145(3) 


1 


1 


5) 


1 


13/4.97 


128a 


291 


308 


-0 


678 


28.40 (6) 


-31.0,-15.0 


6.13 (4) 


-24.55(20) 


2.31(14) 


>70 


66(14) 


30(3) 


2 


4 


5) 


3 


05/3.05 


128b 


291 


300 


-0 


695 


18.48(28) 


-31.0,-15.0 


3.93(21) 


-23.8 (5) 


2.71(11) 


>141 


100(13) 


30(3) 


2 


4 


5) 


3 


05/3.05 


128c 


291 


327 


-0 


645 


8.1 (4) 


-31.0,-15.0 


2.00(28) 


- 25.1 (7) 


3.2(11) 


>188 


<50 


90(5) 


2 


4 


5) 


3 


05/3.05 


128d 


291 


283 


-0 


648 


6.63(30) 


-31.0,-15.0 


2.13(22) 


-26.79(26) 


1.5 (8) 


>213 


60(14) 


68(5) 


2 


4 


5) 


3 


05/3.05 


128e 


291 


363 


-0 


665 


5.74(31) 


-31.0,-15.0 


1.43(23) 


-25.6 (5) 


2.9 (6) 


>134 


78(13) 


115(5) 


2 


4 


5) 


3 


06/3.06 


129a 


291 


370 


-0 


215 


1.59(16) 


-7.0,-3.0 


1.03(24) 


-4.94(25) 


0.97(11) 


100(13) 


55(15) 


51(3) 


1 


2 


5) 


1 


15/4.97 


129b 


291 


397 


-0 


192 


1.41(17) 


-7.0,-3.0 


0.98(25) 


-5.14(33) 


1.06(14) 


113(13) 


60(14) 


90(3) 


1 


2 


5) 


1 


18/4.95 


130a 


291 


471 


-1 


619 


2.72(34) 


-27.0,-22.0 


1.7 (5) 


-24.66(20) 


1.19(18) 


139(12) 


51(15) 


24(5) 


2 


4 


5) 


3 


07/3.07 


130b 


291 


508 


-1 


632 


2.03(34) 


-27.0,-22.0 


1.5 (5) 


-25.32(31) 


1.2 (4) 


138(12) 


74(14) 


0(3) 


2 


4 


5) 


3 


08/3.08 


131a 


291 


581 


-0 


435 


19.3 (4) 


+6.0,+25.0 


2.71(23) 


+ 13.8 (5) 


3.03(24) 


67(14) 


61(14) 


81(3) 


6 





6) 


7 


10/7.10 


131b 


291 


603 


-0 


443 


7.92(34) 


+6.0,+25.0 


1.41(23) 


+ 15.3 (6) 


2.9 (6) 


>75 


45(16) 


82(3) 


6 





6) 


7 


19/7.19 


131c 


291 


573 


-0 


462 


6.9 (4) 


+6.0,+25.0 


2.12(28) 


+ 13.9 (6) 


2.6 (7) 


>70 


45(16) 


145(3) 


6 





6) 


7 


06/7.06 


131d 


291 


597 


-0 


488 


3.22(27) 


+6.0, +16.0 


1.35(25) 


+ 13.23(29) 


1.83(30) 


>86 


57(15) 


148(3) 


6 





6) 


7 


01/7.01 


131e 


291 


575 


-0 


505 


2.94(26) 


+10.0, +16.0 


1.23(27) 


+14.6 (4) 


1.75(24) 


88(13) 


<49 


94(3) 


6 





6) 


7 


12/7.12 


131f 


291 


553 


-0 


418 


4.91(23) 


+6.0, +16.0 


1.41(22) 


+10.5 (6) 


2.20(16) 


>117 


75(14) 


150(5) 


6 





6) 


6 


74/6.74 


131g 


291 


525 


-0 


430 


2.91(22) 


+13.0,+19.0 


1.43(27) 


+15.45(22) 


1.21 (9) 


151(12) 


89(13) 


96(3) 


6 





6) 


7 


19/7.19 


131h 


291 


500 


-0 


432 


2.15(20) 


+13.0,+19.0 


0.96(24) 


+16.64(22) 


1.12(25) 


135(13) 


116(13) 


26(3) 


6 





6) 


7 


29/7.29 


131i 


291 


520 


-0 


395 


1.81(20) 


+13.0,+19.0 


0.83(24) 


+15.72(30) 


1.40(14) 


74(14) 


>36 


90(3) 


6 





6) 


7 


21/7.21 


132a 


291 


657 


-0 


598 


7.29(30) 


+10.0,+21.0 


1.52(27) 


+15.39(13) 


2.26 (8) 


155(12) 


46(16) 


167(3) 


6 





6) 


7 


22/7.22 


132b 


291 


633 


-0 


582 


2.05(21) 


+20.0,+25.0 


0.89(27) 


+22.30(24) 


1.43(16) 


128(13) 


<48 


172(3) 


6 





6) 


7 


82/7.82 


132c 


291 


633 


-0 


562 


1.96(19) 


+20.0,+25.0 


0.79(25) 


+22.69(27) 


1.61 (9) 


43(16) 


<48 


31(3) 


6 





6) 


7 


85/7.85 


132d 


291 


635 


-0 


545 


9.44(34) 


+7.0,+21.0 


1.84(27) 


+14.03(30) 


2.75(18) 


95(13) 


57(15) 


142(3) 


6 





6) 


7 


09/7.09 


132e 


291 


610 


-0 


542 


3.11(23) 


+8.0,+15.0 


1.25(25) 


+11.6 (5) 


1.42(12) 


43(16) 


36(18) 


160(3) 


6 





6) 


6 


86/6.86 


134a 


292 


015 


-1 


940 


2.7 (4) 


-28.7,-23.0 


1.3 (4) 


-25.26(21) 


1.55(23) 


114(13) 


103(13) 


170(3) 


2 


4 


5) 


3 


15/3.15 


134b 


291 


992 


-1 


967 


1.6 (4) 


-28.7,-23.0 


1.6 (4) 


-25.57(24) 


1.4 (4) 


82(13) 


46(16) 


85(3) 


2 


4 


5) 


3 


15/3.15 


134c 


292 


022 


-1 


987 


2.1 (4) 


-28.7,-23.0 


1.4 (5) 


-26.3 (4) 


1.57(26) 


100(13) 


36(18) 


69(3) 


2 


4 


5) 


3 


15/3.15 


141a 


293 


057 


-1 


016 


3.6 (4) 


-26.0,-21.0 


2.1 (5) 


-23.51(24) 


1.04(10) 


70(14) 


54(15) 


120(3) 


2 


4 


5) 


3 


29/3.29 


141b 


293 


043 


-0 


994 


1.87(24) 


-26.0,-21.0 


1.22(32) 


-23.72(10) 


1.01(13) 


67(14) 


<49 


96(3) 


2 


4 


5) 


3 


29/3.29 


142a 


293 


117 


-0 


953 


3.27(29) 


-26.0,-21.0 


1.7 (4) 


-23.56(21) 


1.10(10) 


95(13) 


51(15) 


40(3) 


2 


4 


5) 


3 


30/3.30 


142b 


293 


140 


-0 


966 


1.69(34) 


-26.0,-21.0 


1.3 (5) 


-22.8 (6) 


1.05(19) 


119(13) 


87(13) 


73(3) 


2 


4 


5) 


3 


30/3.30 


144a 


293 


337 


-0 


856 


1.9 (4) 


-28.7,-25.4 


1.5 (6) 


-27.41(30) 


0.75(28) 


118(13) 


<49 


103(3) 


2 


4 


5) 


3 


33/3.33 


144b 


293 


340 


-0 


836 


1.32(26) 


-28.7,-25.4 


1.3 (4) 


-26.81(26) 


0.89(11) 


>117 


70(14) 


155(3) 


2 


4 


5) 


3 


33/3.33 


144c 


293 


343 


-0 


783 


1.23(28) 


-28.7,-25.4 


1.4 (4) 


-26.67(16) 


0.84(12) 


>74 


<49 


90(3) 


2 


4 


5) 


3 


33/3.33 


149a 


293 


660 


-1 


633 


4.42(27) 


-22.0,-14.5 


1.47(27) 


-17.4 (4) 


1.60 (9) 


184(12) 


82(13) 


69(3) 


2 


4 


5) 


3 


37/3.37 


149b 


293 


660 


-1 


670 


1.27(16) 


-20.5,-18.0 


0.94(29) 


-19.21 (9) 


0.63 (5) 


126(12) 


>60 


90(3) 


2 


4 


5) 


3 


37/3.37 


150 


293 


780 


-1 


696 


2.16(20) 


-20.5,-16.5 


1.30(26) 


-18.24(16) 


0.85(21) 


>201 


103(13) 


163(3) 


2 


4 


5) 


3 


39/3.39 


161 


294 


806 


-1 


810 


3.63(23) 


-11.5,-5.0 


1.82(27) 


-8.62(21) 


0.98(23) 


151(12) 


74(14) 


90(3) 


2 


4 


5) 


1 


39/5.66 


162 


294 


940 


-1 


676 


2.76(26) 


-17.0,-8.5 


1.14(26) 


-12.63(33) 


2.15(19) 


>183 


85(13) 


130(3) 


2 


4 


5) 


1 


94/5.14 


163a 


294 


977 


-1 


733 


11.77(29) 


-15.0,-4.0 


3.79(28) 


-8.48(16) 


1.67(16) 


>68 


66(14) 


110(5) 


2 


4 


5) 


1 


36/5.74 


163b 


294 


990 


-1 


723 


10.54(29) 


-15.0,-4.0 


3.24(27) 


-9.15(16) 


1.67 (8) 


75(14) 


>55 


175(5) 


2 


4 


5) 


1 


44/5.66 


163c 


295 


027 


-1 


713 


4.58(29) 


-15.0,-4.0 


1.52(27) 


-9.76(25) 


2.09(30) 


167(12) 


106(13) 


66(3) 


2 


4 


5) 


1 


52/5.59 


165a 


295 


110 


-1 


676 


4.33(27) 


-16.2,-6.5 


1.83(24) 


-11.13(16) 


1.61(27) 


139(12) 


66(14) 


51 (.3) 


2 


4 


5) 


1 


70/5.43 


165b 


295 


063 


-1 


673 


2.83(27) 


-16.2,-6.5 


0.93(24) 


-11.10(32) 


2.14(23) 


>153 


148(12) 


78(3) 


2 


4 


5) 


1 


70/5.42 


167a 


295 


127 


-1 


600 


3.08(21) 


-14.2,-8.6 


1.61(24) 


-10.54(19) 


0.9 (4) 


>156 


51(15) 


25(3) 


2 


4 


5) 


1 


61/5.52 


167b 


295 


143 


-1 


630 


2.35(21) 


-14.2,-8.6 


1.34(24) 


-10.97 (8) 


1.09(16) 


>174 


>113 


46(5) 


2 


4 


5) 


1 


67/5.47 


167c 


295 


190 


-1 


576 


1.89(21) 


-14.2,-8.6 


1.20(23) 


-12.36(16) 


1.08(22) 


>128 


66(14) 


46(9) 


2 


4 


5) 


1 


87/5.28 


183 


298 


172 


+0.777 


1.31(24) 


-31.0,-28.8 


1.9 (5) 


-30.1 (4) 


0.59(19) 


215(12) 


64(14) 


111(3) 


4 


7 


5) 


3 


97/3.97 
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6-8 the peak TJ^ (= Tp, see g^J in that range ± 
the noise level at that position from the rms map; 
the intensity-weighted mean velocity (or first mo- 
ment) Vlsr', and the velocity dispersion (or second 
moment) cry. The uncertainties listed in columns 
7 & 8 are from the average variation in the re- 
spective quantities in the 8 pixels (36") surround- 
ing the given coordinate. In the integrated inten- 
sity maps, we also measured the angular scale of 
the emission. This is approximated by 2D gaus- 
sians, parametrised by FWHMs and PAs along the 
estimated major and minor axes of the emission 
(suitably deconvolved from the 40" resolution of 
the maps) around the peak positions. These are 
given in columns 9-11, even where the emission 
pattern is not particularly gaussian; it should also 
be noted that these angular extents are not al- 
ways symmetric about the peak positions. Finally 
we give distances in the la st two columns. Column 
12 lists those adopted bv ICrabelskv et al.l (|l988l ) 
(which are a combination of optical and kinematic 
distances for the GMC complexes of the Columbia- 
Cf A survey in Car i na), e xcep t where superseded 
bv lYonekura et al.l (|2005l ) and lStolte etall (|2006h 
for the 77 Car GMC (Regions 9-11) and NGC3603 
(Region 13c), respectively. Since some of these en- 
tries are a little dated, in column 13 we also list 
kinematic di stance solut i ons us ing the more recent 
algorithm of iReid et aP (|2009l see gl]). 

In a few sources no HCO"*" emission could be 
discerned in the Mopra data cubes at or near the 
nominal NMC coordinates; this is indicated in Ta- 
ble m by "N" in columns 2 & 3, and only noise 
levels are given in columns 4 & 6. In other cases, 
multiple subcomponents of a Nanten clump could 
be seen in the Mopra data, but they were not com- 
pletely separated at the half-power level and so 
unambiguous sizes were difficult to determine. In 
those cases limits or no values are given in one or 
both size columns (9 & 10). 

It may be useful here to illustrate the source 
identification procedure with some brief examples, 
e.g., why are some sources separated into multiple 
components, while others fit by a single gaussian? 
BYF40 and 99 are very bright and have complex 
but easily-measured velocity and linewidtli vari- 
ations with position: the derived decompositions 
were extracted from the data cubes component by 
component. BYF26 and 97, on the other hand, 
are "simpler": the S/N is low for BYF 26, mean- 



ing the derived decomposition was necessarily sim- 
ple in order to avoid over-interpretation; and the 
structures in BYF 97 are low-contrast, meaning 
they all had to be ascribed to a single gaussian 
within the source half-power contour. 

4. Analysis of Clump Properties 

4.1. Distance Determinations 

In this and the following sections we derive 
some elementary physical parameters for each 
clump, and present the results in Table [5] For 
purposes of uniformity and archival utility, the 
physical parameters for each Mopra clump are 
given in Table [5] mainly in either natural (i.e., 
Mq, pc) or SI units. In subsequent plots illustrat- 
ing some of these parameters, we also show cgs 
axes where convenient. 

In column 2 of Table [5] we indicate which dis- 
tance (from Table |4]) was used for each clump. 
Most clumps can be associated with sources at 
previously determined distances. For a few clumps 
which lack a classical distance indicator, we have 
taken th e near kinematic distance using the algo- 
rithm of iReid et all (|2009t ). in which Rq = 8.4 kpc 
and 6o = 254 km s"'^ are adopted as best fits to 
recent maser observations of sources over a wide 
range of Galactic longitudes. In the CHaMP win- 
dow, however, a large fraction (perhaps 75%) of 
sources have Vlsr more negative than allowed by 
any rotation curve at any distance; most of the 
rest have T^^sR that puts them beyond the solar 
circle: see the longitude-velocity diagram in Fig- 
ure [2Jd. In those cases which lack a classical dis- 
tance, we simply take the tangent-point distance 
for that longitude, i?ocos(/), as giving the best dis- 
tance estimate. The source of the distance esti- 
mate for each source is also noted in column 2 of 
Table [5j For the most part, we note from Table 
|4]that the classical and kinematic distances agree 
reasonabl'^well, except for Regions 1-3 where (as 
noted by Grabclsky ct al. 1988) velocity crowding 
makes distances quite uncertain between local and 
tangent positions. 

4.2. Clump Distribution Fiinctions and 
Completeness of the Sample 

With such a large dataset, we plan to explore 
a number of applications (and anticipate other 
workers will make further use of the data) to ad- 
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Table 4 — Continued 





i 





J ^R<^^ 


V range 


Ip 


^LSR 


cry 






PA 




^kin 


no. 


deg 


deg 


iv Km s 


kms 




IV 


km s ^ 


km s ^ 


arcsec 


arcsec 


deg 


kpc 


kpc 


185 


298.262 


+0.737 


2.00(29) 


O-L .U, 


9S R 
zo.o 


1 8 (6) 


-29.84(20) 


0.60 (7) 


58(15) 


<48 


113(3) 


4.7(5) 


3.98/3.98 


188 


298.352 


+0.730 


1.32(29) 


— oo.y,- 


-ou.u 


1 2 (i) 


-31.91(25) 


0.85 (9) 


173(12) 


95(13) 


120(5) 


4.7(5) 


3.99/3.99 


190a 


298.409 


+0.667 


2.03(31) 


— oo.y,- 


-ou.u 


1 4 f5~) 


-31.87(26) 


0.98(12) 


151(12) 


87(13) 


90(5) 


4.7(5) 


4.00/4.00 


190b 


298.402 


+0.697 


1.71(31) 


— oo.y,- 


-ou.u 


1 4 ('5~) 


-32.02(21) 
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4.7(5) 
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-36.5 


1.24(28) 


-38.71(26) 


1.09(22) 
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4.7(5) 
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299.443 


-0.321 


1.49(22) 


-41.5,- 


-36.5 


0.97(28) 


-39.25(17) 
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104(13) 


50(3) 


4.7(5) 


4.13/4.13 
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299.383 


-0.435 
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4.7(5) 
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2.17(26) 


-44.0,- 
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2.1 (6) 


212(12) 
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0(3) 


4.7(5) 
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>100 
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0(5) 


4.7(5) 


4.12/4.12 


203b 


299.376 
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1.76(19) 


91(13) 


>46 


103(5) 


4.7(5) 


4.12/4.12 


203c 


299.343 


-0.248 
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-44.0,- 
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1.45(31) 


-40.13(17) 


1.8 (4) 


>166 


77(14) 


140(3) 


4.7(5) 


4.12/4.12 


203d 


299.359 


-0.271 
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-44.0,- 


-36.0 


1.64(31) 


-39.3 (5) 


1.3 (6) 


113(13) 
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Note. — An uncertainty of 1.23+0.10 is shown as 1.23(10). 

''Distances in column 12 are from the literature llGrabelskv et al.lll988l : lYonekura et al.ll2005l; IStolte et al."2006"l using various classical optical or 
kinematic methods (see Paper II); distances in column 13 are kinematic (in the format near/far) using [Reid et ak ( 2009,' ) . 



dress current and future questions in our under- 
standing of massive star and star cluster forma- 
tion. However much of this would be beyond the 
scope of the present work. We limit ourselves 
here to a few elementary analyses to illustrate the 
power of CHaMP's demographic approach, and 
leave more advanced studies for later papers. 

As a first step we construct the "HCO+ source 
probability density function" (PDF), Hw- We de- 
fine this observable function to be the number of 
HCO+ clumps as a function of Whco+ — J T^dV, 
and this is plotted in Figure [7^ as a histogram, 
binned in equal intervals of log W. Interestingly, 
between a lower limit W=4Kkms~^ (typically 
>10x our noise threshhold) and an upper limit 
VF=12Kkms~^, Hw seems to obey a power law, 



Hw = {W/Wo)-P dlogW. 



(la) 



From a least-squares fit between these limits, 
we find values Wq — 109±7Kkms~^ and p = 
1.86±0.05; an example is shown in the figure. The 
quoted statistical uncertainties are for different 
realisations of the figure for different numbers of 
histogram bins. 



Above W^=12Kkms^^ lie the brighter sources 
in the tail of this distribution; we show below 
(§ §4.2l - l4!6|) that these "bright-tail" sources are dis- 
tinct in several respects from the much more nu- 
merous weaker clumps. Indeed, the identification 
of a large pop ulation of weaker clump s confirms a 
prediction bv lNaravanan et all (|2008l ) (see gH). 

However, this power law may not truly rep- 
resent the complete clump population. Below 
VF=4Kkms~^ one might think our survey be- 
comes incomplete, but the 3ct threshhold for W 
lies near IKkms^^ (this will vary slightly de- 
pending on the velocity range over which W 
is integrated). Therefore all clumps with a 
peak W^>2Kkms^^ will have their half-power 
size well-determined, and we are confident we 
have measured all such clumps within our Mo- 
pra maps. Incompleteness should only enter our 
statistics where relatively compact sources have 
been weakly detected in the Nanten beam, putting 
such sources into the weaker half of the NMC, 
i.e. those not mapped with Mopra. But since we 
have mapped >50% of all Nanten clumps at Mo- 
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Fig. 7. — (a) Mopra HCO^ source probability density function (PDF), as defined in the text. Tliis is just one 
realisation of the PDF for 27 histogram bins, therefore the fitted power and scale factor are just examples. The mean 
fitted power and scale over many realisations are Wo = 109±7Kkms"^ and p = 1.86±0.05. (b) One realisation of 
the Nanten HCO"'' source PDF in black, and the subset of these mapped at Mopra in red. The shaded part of the 
bin at W^jv=0.093 K kms~^ shows upper limits in HCO^ for some of the Nanten clumps; the bins at M^jv=0.13 and 
0.18Kkms~^ are modelled in Fig.|8l See that figure and the text for more details. 



pra, we suppose a similar completeness at the 
2Kkms~^ level for our Mopra data. This is much 
higher than that suggested by extrapolating the 
fitted power law to the same level, i.e., a complete- 
ness of only ~20% at 2Kkms~^. This suggests 
that the power-law distribution may turn over 
from the steep slope fitted to the brighter clumps. 

To see whether Figure [7^'s suggestion of a sig- 
nificant flattening of Hw for W ^ 4Kknis^^ is 
real, we need to examine the Mopra data com- 
pleteness more carefully. The Nanten brightness 
cutoff of 0.25 K km s~^ within its 200" beam corre- 
sponds to a point-source brightness of 6.2 K km s~^ 
in the Mopra maps. (Such sources would have 
been easily detectable with Mopra if they had been 
mapped.) Because the Nanten maps are ^20% un- 
dersampled in each dimension, however, the true 
point-source sensitivity in the Nanten maps may 
be up to ~40% worse, or 9.0Kkms~^ in the Mo- 
pra maps. However, at least for the 301 brighter 
clumps measured at Mopra, most are actually 
well-resolved (taking the geometric means of the 
sizes in columns 9 & 10 of Table U), and very 
few are point-like (only 6 of 301 have deconvolved 
sizes ^40"). Thus, we model the Mopra clump 
size distribution as a gaussian in \og{9); see Figure 



UK. From this we find that the deconvolved mini- 
mum sizes for 90%, 75%, and 50% of the mapped 
Mopra clumps are 53", 68", and 91", respec- 
tively. If we assume that any population of fainter 
clumps has a similar size distribution to this, then 
this gives effective minimum beam-filling factors 
of such clumps in the Nanten "beam" of 0.048, 
0.081, and 0.14, respectively. Such clumps would 
appear brighter in Mopra maps by a factor indi- 
cated by the red curve in Figure UK- Now, all but 
one of the Nanten HCO"'" sources brighter than 
0.25Kkms~^ were mapped at Mopra (121 Nan- 
ten sources in total). At fainter levels, between 
VFAr=0.11Kkms~^ (roughly the Nanten 3cr sensi- 
tivity limit) and 0.25Kkms^^, there are 44 more 
Nanten clumps; another 15 Nanten clumps were 
not detected in HCO+ above 3cr, and 29 more were 
not mapped in HCO+ at Nanten (giving 88 total 
Nanten clumps not mapped at Mopra) . Consider- 
ing only the 44 fainter detected clumps, at a "typi- 
cal" brightness VFAr=0.15Kkms~^ we predict that 
90%, 75%, and 50% of these clumps would have 
equivalent maximum brightnesses of 3.1, 1.9, and 
l.lKkms"^, respectively, when mapped at Mo- 
pra. This is close to the range of Hw that we are 
considering. In particular, it should be clear there 
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Fig. 8. — (a) Distribution of Mopra clump deconvolved angular sizes (histogram), overlayed by a gaussian fit. Sizes 
above which the distribution is 90%, 75%, and 50% complete (53", 68", and 9f", resp.) are shown as dotted vertical 
lines. Also overlayed (in red) on the same vertical scale is the factor by which a compact Nanten source's brightness 
would be increased in the smaller Mopra beam, (b) Source PDF in black as in Fig.[7K, overlaid in red by the PDF 
corrected for the unmapped faint Nanten clumps, assuming a size distribution as in panel a of this Figure. The 
dashed red histograms are predicted Mopra clump counts for the unmapped faint Nanten populations from each of 
two bins in Fig.[7lD, while the solid red histogram includes all Mopra clumps, both observed and predicted. 



will be relatively few missing Mopra sources with 
Vr>4Kkms-^ 

But we have not yet established the reality 
of the apparent turnover in Figure [7^. To esti- 
mate the effect of these fainter, unmapped Nan- 
ten sources on our Mopra HCO+ source PDF, we 
model the Nanten HCO+ source PDF by 

Hw,N = (M^/M^wo)"" dXogW (lb) 

similarly to eq. (la), and this is shown in Figure 
(TJj. Between W^jv=0.15 and 1.0, the fit gives n 
= 2.00±0.10 and T^^vo = 3.7±0.4Kkms-i. We 
suppose that this PDF continues to lower Wn (at 
least down to O.lOKkms"^) and that the sharp 
cutoff below Wn = 0.20Kkms~-^ is due only to 
Nanten's sensitivity limit. We now scale up the 
number of Nanten clumps in the T4^Ar=0.13 and 
0.18Kkms~^ bins of Figure [TId to the fitted line, 
from 10 and 37 clumps, to 116 and 59 clumps, re- 
spectively. For simplicity we assume these fainter 
Nanten clumps all have Wn at the middle value of 
each bin. If we then apply the Mopra size model 
to the Nanten clumps in each bin, we project 264 
and 55 (resp.) more Mopra clumps, with a bright- 
ness and size distribution as above, would have 



been found. Adding these hypothetical sources to 
the observed Mopra source PDF gives us the "cor- 
rected" Mopra source PDF in Figure [8]d. 

We see now that the turnover in Figure HId 
is softer than in Figure [7^, but is still present. 
We could continue to model even fainter Nan- 
ten clump populations in the same way, but we 
find that the turnover is still present in the Mo- 
pra source PDF, although the turnover becomes 
progressively more gentle as fainter sources are in- 
cluded. We note, however, that the position of 
this turnover (Vl^=4Kkms~"'^) doesn't change as 
fainter Nanten sources are modelled. Moreover, 
this model depends on the Nanten PDF continu- 
ing down to very low levels with the same power 
law n=-2.0, but we don't have sufficient data to 
extrapolate this law so far. Therefore we cannot 
rule out the possibility of the turnover in the Mo- 
pra source PDF being real, although the value of 
the slope below VF=4Kkms~^ is quite uncertain. 
Ideally, completing the Mopra survey to cover the 
fainter half of the Nanten clumps would give a 
strong test of the form of the source PDF at lower 
brightness levels. 

If confirmed, this turnover means that there 
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is a "characteristic" brightness Wc = 4Kkms~"'^, 
above which the clump population scales as a 
power-law, but below which perhaps either the 
clump formation or line emission mechanism 
might change. For typical excitation tempera- 
tures, this Wc corresponds to an HCO+ column 
density around lO^^m^^, or a mass column around 
0.4kgm-2 = I9OM0PC-2 for a standard HCO+ 
abundance X^qq+ — 10~^ (see M.3|) . 

From the arguments above, we estimate our 
completeness at VF=4Kkms~^ is ~90%, while we 
estimate minimum 75% and 60% completeness at 
3 and 2Kkms~^, respectively, even if the Nantcn 
source PDF power law continues down to very low 
levels. If there is even a modest break in the Nan- 
ten power law, these completeness levels would be 
somewhat higher. The modelling of the faint Nan- 
ten clump population in Figure |8Jd also suggests 
a slight steepening of the source PDF power law 
above Wc, to perhaps p~2. 

Similarly to Hw, we also calculate the HCO+ 
peak luminosity PDF Hl, defined as the number 
of HCO^ clumps as a function of the peak line 
luminosity £hco+ = M/hco+c?^^hpbw in equal- 
sized bins of logL; this is plotted in Figure IHl Here 
we also have Hl obeying a power law, 
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Hl = {L/L^yi dlogL, 



(2) 



with a least-squares fit over the range 1 .0 K km s ^ pc^ 
< L ^ 34Kkms-ipc2 yielding io = 230 ± 
ITKkms""*^ pc^ and q = 1.11±0.02, as shown in 
the figure. Once again we see a flattening of the 
fitted power law below a characteristic peak line 
luminosity Lc — l.OKkms"^ pc^. This Lc is com- 
mensurate with the Wc above and the prepon- 
derance of clumps at the distance of the 77 Car 
complex near 2.5 kpc. The skewing of com- 
pared to Hw, i.e. the smaller fraction of clumps 
below Lc compared to the fraction below Wc and 
the flattening of the power law from p — -2.0 to q 
= -1.2, is also consistent with our clump distance 
distribution. 

This line luminosity PDF is strikingly different 
to recent determinations of sim flar functi o ns for 
massive clumps. For example, IWu et al. 1 (l2010h 
mapped CS and HCN transitions in a sample 
of 50 clumps which were selected for their evi- 
dence of massive star formation activity, namely 
H2O maser emission; many also contain com- 
pact or ultracompact HII regions. They found 
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Fig. 9. — One realisation of the Mopra HCO^ lumi- 
nosity PDF for 18 histogram bins; mean values of the 
power and scale factors over many realisations are Lq 
= 230±17Kkms-^pc^ and q = 1.11±0.02. The two 
dotted vertical lines show our sensitivity limits at the 
two indicated distances. 

their luminosity functions peaked between 10 and 
lOOKkms^^ pc^, with little evidence of a power- 
law distribution. This is likely due to their small 
sample size, and the fact that their source selec- 
tion was strongly biased towards the most lumi- 
nous massive star-forming regions in the Galaxy. 
We claim that our relatively unbiased source selec- 
tion yields an Hl in Figure [5] that is more likely to 
represent the true distribution of the population of 
massive clumps. 

From our data we can also examine the Clump 
Mass Function and PDF, but we defer this discus- 
sion to 



Besides these PDFs, the Mopra HCO+ clumps 
have three intrinsic observable parameters from 
which all others are derived. These are the 
gaussian-equivalent mean projected radius to half- 
power i?HP (in pc), the peak brightness tem- 
perature Tp (K), and the velocity dispersion ay 
(kms""'^; equivalently, the linewidth). The radius 
is derived simply from the distance as in the last 
section and the deconvolved angular size at each 
clump's half-power level (the geometric mean of 
columns 9 & 10 in Table S]); this is also listed in 
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Table [3 column 6. Although we use Whco+ to 
define the location of clump peak and linewidth 
measurements in Table IH we do this mainly for 
S/N reasons, and since it is essentially a combi- 
nation of two of the above parameters, we don't 
consider W to be an intrinsic parameter by itself. 

In Figure [10] we plot the relationships among 
these three parameters. The first panel shows 
that the clump size seems not to be partic- 
ularly correlated with the line width, i.e. that 



there is no strong iLarsonl (|l98lh relation of the 
form AV cx R': we obtain s = 0.12±0.05. 
This is unlike the sit uation for low-mass cores 
(jGoodman et al.l Il998l ). but similar to previous 



work on massive clumps (iBertoldi fc McKee 199 
CaseUi fc Mver£lll995HPlume et al.lll997l) . For ex- 
amnle. lCaseUi fc MversI (|l995h find s = 0.21±0.03. 

However, the clump size and linewidth both 
show an interesting relationship to the peak tem- 
perature. Consider first Figure [TUb: at low bright- 
ness (<3.3K), the clumps' linewidths range from 
quite narrow to quite broad, 1-10 km s~^ (the 
mean ± SD = 3.9±1.7kms~'^). As the clump 
brightness rises, however, the linewidths become 
more tightly constrained, to values around 3- 
6kms-i (mean ± SD = 4.0±1.2kms-i) for all 
clumps >3.3K. Obviously these bright clumps are 
the same ones that comprise the bright tail of the 
£[00+ source PDF. This relationship among our 
Mopra clumps is closely mimicked by the pixel 
variations within each clump. Thus, for a given 
clump, in the fainter pixels the linewidths vary by 
a large amount, but become more and more con- 
strained as one looks towards the bright peaks in 
each map. This is a common feature of the Mopra 
clumps at all brightnesses and linewidths. 

Similarly, Figure [TOh shows that peak tempera- 
ture and clump size are related. At low brightness 
(Tp<2.5K) we find clumps of any radius from 0.2 
to 2.5 pc; the median ± SIQR size is 0.68±0.25pc. 
However, for clumps brighter than 2.5 K their sizes 
are more constrained, 0.3-1.0 pc, with a median ± 
SIQR = 0.58±0.18pc. This suggests that what- 
ever mechanism is responsible for producing bright 
HCO"*" emission in these clumps, its range is lim- 
ited to about a parsec. 

Since we fit the clumps by elliptical gaussians, 
we can also analyse the clump shapes, presented 
in Figure 1111 The mean projected aspect ratio 
(defined as the ratio of each clump's major to mi- 
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Fig. 10. — Observables of the Mopra HCO^ maps. 

(a) Size vs. linewidth; (b) linewidth vs. peak temper- 
ature; and (c) peak temperature vs. size for HCO^ 
clumps. In each panel the symbol size corresponds 
roughly to the magnitude of (a) the peak temperature, 

(b) the clump radius, or (c) the linewidth. Uncertain- 
ties for 1 in 5 points are shown as green error bars and 
mean sensitivities as dotted lines in all panels. The red 
symbols show the brightest clumps (iyj5l2Kkms^^) 
from the source function of Fig.[7^. 
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MoPRA Clump Physical Parameters (for Tea;=10K) 
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CHaMP clumps in HCO* 



mean±SD = 2.12 ± 1.06 
medianiSIQR = 1.88 ± 0.50 




50 100 150 

Galactic Position Angle 

Fig. 11. — Major/minor axis ratio vs. position angle 
(in Galactic coordinates) for CHaMP clumps. The 
typical axial ratio is around 2 as indicated, while the 
PAs appear to be randomly distributed on the sky. 
Error bars for 1 in 5 points are shown in green. 

nor axis) is around 2, while the position angles 
seem to be randomly aligned on the sky. Although 
there is an excess of clumps oriented at PAs of 
0° and 90°, we don't consider this significant 
since we attribute it to rastering artifacts, which 
affect the measured orientations for the ^10% 
lowest-brightness clumps in our sample. However, 
the axial ratio is significantly different from 1: 
the median ± SIQR = 1.88±0.50, i.e., half our 
clumps have ratios between 1.38 and 2.38. This 
is intriguingly similar to the aspect ratios of em- 



bedded stellar clusters: Gutermuth et al.l ( 2009h 



found that, for a sample of 39 nearby ((i<lkpc) 
young clusters, their medianiSIQR aspect ratio 
is 1.82±0.31, and our aspect ratio distribution 
resembles their Figure 9b very closely, including 
the skewness. A two-sided KS test cannot re- 
ject the hypothesis that the two axial ratio dis- 
tributions are consistent with each other (proba- 
bility 51%). This suggests that, structurally at 
least, our 11C0+ clumps may be closely related to 
the clusters that fo rm within them. In contrast, 
Beltran et al.l (j2006[ ) found that their massive dust 
clumps were quite symmetric, with both mean and 
median axial ratios of 1.04. This suggests that the 



dust emission may not trace the cluster-forming 
gas as accurately as the HCO"*". We also find 
it significant that our mean HCO"'" axial ratio is 
not very much larger than 2. In particular, we 
find very few extremely filamentary objects (only 7 
clumps with axial ratios >5, the other 294 clumps 
have ratios <4.5): our most elongated clump is 
BYF202a, with an axial ratio '^ll. A few collec- 
tions of clumps, which look more filamentary at 
the Nanten resolution, are broken up by Mopra's 
smaller beam, but these comprise a small fraction 
of our clump population. Thus, filamentary struc- 
tures in HCO+ are rare at this resolution. 

4.3. Excitation Temperatures, Optical 
Depths, &; Column Densities 

For linear molecules with a simple rotational J- 
ladder, the calculation of physical parameters of 
molecular clouds usually starts with a determina- 
tion of the transition's optical depth r and excita- 
tion temperature Tex. Often one uses two lines to 
solve simultaneously for these two parameters us- 
ing a form of the radiative transfer equation (i.e., 
in the Rayleigh- Jeans limit) 



mb 



(Te.-Tbg)(l-e-^) 



(3) 



where Tbg=2.72K and Tmb is the brightness 
temperature of the emission within our tele- 
scope beam. However, here we only have the 
HCO"*" J=l— T'O line available. In order to make 
some simple estimates of r and other physical 
quantities, we will assume two different values 
for Tox, and then examine how this affects our 



results. The two assumed values are Te- 



10 K 



typic al of dark, low-mass clouds (jBenson fc Mverd 
19891) . and also Tox — Td = 30 K, typical for mas- 
sive clumps observed in dust continuum emission 
(|Faundez et al.ll2004l: llbntani et al.ll2005l ): we fur- 
ther justify these choices below. Then the peak 
optical depth Tp for each clump is obtained simply 
from the peak brightness Tp (which we use for Tmb 
hereafter) with 



Tp = -ln[l - Tp/{Tc^ - Tbg)] 



(4) 



and this is given in column 3 of Table [5] for the 
case Tcx^lOK. 

To determine the excitation temperature more 
precisely, a number of methods are available in 
principle. Because of its very high optical depth 
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Table 5 — Continued 



BYF 


ja 

"final 


Tp 


Np 




R 


"col 


Pcol 


A4oi 


PgHB 


Lhco+ 


Qvir 


^Jcans 


Mbe 


no. 


kpc 






M0 


pc 




M0PC-3 


Mo 


pPa 


KkmB-lpc2 




pc 


M© 



202i 


4.7c 


0.118 


6.64e+16 


122.4 


1.00 


8.24e+08 


46.8 


836 


14.10 


14.82 


10.43 


0.42 


8910 


203a 


4.7c 


0.262 


8.09e+16 


149.1 


0.99 


l.llc+09 


63.2 


830 


5.81 


19.93 


2.84 


0.36 


1260 


203b 


4.7c 


0.174 


8.19e+16 


151.0 


0.82 


1.31e+09 


74.6 


618 


15.83 


12.45 


7.67 


0.33 


4156 


203c 


4.7c 


0.170 


8.22e+16 


151.5 


1.44 


8.11e+08 


46.1 


1634 


10.23 


32.9 


4.93 


0.43 


5654 


203d 


4.7c 


0.202 


7.04e+16 


129.6 


1.07 


9.17e+08 


52.1 


801 


6.09 


19.84 


3.97 


0.40 


2004 


208a 


4.7c 


0.273 


7.47e+16 


137.7 


1.46 


7.3e+08 


41.5 


1517 


3.02 


30.18 


1.72 


0.45 


1085 


208b 


4.7c 


0.113 


3.65e+16 


67.2 


0.87 


5.41e+08 


30.8 


321 


3.07 


9.599 


7.42 


0.52 


2052 



''Distances taken from Table |4] as follows: c = literature-based value, n = near kinematic, / = far kinematic, t = tangent point. 



and the likelihood that its emission fills arcminute- 
scale beams, the ^^CO J=l— )-0 line can be used as 
a proxy for the gas kinetic temperature in molecu- 
lar clouds. However we are still collecting such in- 
formation at the Mopra resolution. Alternatively 
we can use the clumps' spectral energy distribu- 
tions (SEDs) to de rive a bolometric temperature 
(jMvers et alJ 119981 ) or effective t emperature at 
some wavelength. For example, iFaundez et al 
(|2004 ) derived = 32±5 K for a sample of mas- 



sive clumps in the southern Milky Way from 
1.2mm continuum dust emission (they also found 
it necessary to fit two temperature components to 
the SEDs of most of their sources, with an aver- 
age w arm component Td ~ 140 K). feeltran et al 



( 20061 ) obtained a similar result (Td=30K) for the 
dust emission from their clumps. Other methods 
include temperatures from ratios of diffe r ent J 
lines of linear molecules, e.g. iFontani et al.l (|2005h 
found that the dense gas trac e d by C^^O in the 
same clumps as Beltran et al. ( 2006[ ) was largely 
subthermally excited, with rox=8-10K. "Ther- 
mometer" molecules like CH3CN with iiT-ladders 
in their symmetric-top spectra, isotopologue anal- 
ysis, and other alternatives are also used. For 
CHaMP we have obtained some such data, specif- 
ically the H^^CO+ J=l— >-0 line, but this line tends 
to be quite weak in most clumps. Where de- 
tectable, we will present an isotopologue analysis 
in a later paper. Here we adopt values of Tkin = 
Tex for our clu mps as above, based on the Benson 



fc Mvers (1 989).lFaundez et al.l( 200l. lFontani etal 
(|2005l ). and lBeltran et alJ (|2006l ) results. 



Since we are assuming values for Tex, the op- 
tical depths so computed will only be estimates. 
For those clumps with higher excitation in real- 
ity (e.g., near embedded sources), the true opti- 
cal depths will be lower than estimated by eq. (4) ; 



conversely, in clumps with low excitation (e.g., in 
starless, dark clumps), the true optical depths will 
be higher. Nevertheless, we present this simplified 
analysis here for uniformity, while the collection 
and reduction of other data on Tex is still ongoing. 

Here it is worth mentioning the special case 
of BYF 73, whi c h has been examined in detail 
bv iBarnes et al. ( 2010h . The highly self-absorbed 
HCO"*" line profiles in this source do not allow 
a correct derivation of the HCO+ optical depth 
from eq. (4): the correct maximum r=6.1 comes 
instead from a fu ll rad iative transfer treatment: 
(|201fl[ ) 



see 



Barnes et al 



for details. It may be 
that some other clumps, e.g. a few of the bright 
sources, may also show higher optical depths once 
the H^'^CO^ data are analysed, and this would 
change their derived physical parameters in a sim- 
ilar way to BYF 73 (which we indicate below) . 
However we suggest changes to other sources' pa- 
rameters will likely be less extreme than the case 
of BYF 73, which we therefore view as providing 
a "worst case" for the corrections that may be 
needed for the analysis following. 

First, we compute the column density without 
assumptions about whether the optical depth is 
large or small, and without approxi mations to the 
stimu lated emission correction fe.g. jRohlfs &: Wilson 
20061 ). Assuming LTE applies we obtain a column 



density for each beam-averaged line of sight 



7V(HC0^ 



3h 



Q(Tex)e^"/''^- 



TdV 



(5a) 

where Q is the partition function for HCO+ at 
the excitation temperature Tgx, E^^ is the energy 
level of the upper state of the transition, 
is the molecule's electric dipole moment, and the 
line optical depth r is integrated over the velocity 
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Fig. 12. — Mass surface density vs. HCO^J=l— >-0 optical deptli for CHaMP clumps, assuming two different Tox 
values in panels a and b. We provide two different scales for the surface density: the natural scale from Table [5] on 
the left side of each panel, and a cgs scale for convenience on the right. Uncertainties for 10% of the points, which 
are representative of all the points, are shown as green error bars, while the dotted lines indicate mean sensitivity 
limits for each axis: 2a for the optical depth in the peak channel, 5cr for the velocity-integrated surface density. Some 
points are below the mean Tp sensitivity limit since the noise level varies from map to map. The red symbols show 
those clumps from the high-brightness tail {W ^ 12Kkms~^) of the source PDF from Fig.[7^. For a given linewidth 
and excitation temperature, Eocr; since we assume Tex, the scatter in each panel is due entirely to the linewidth. 



range from Table HI Because HCO+ is a linear 
molecule, its partition function is straightforward 
to calculate (Rohlfs & Wilson 2006). At T^^ = 10 
or 30K, Q = 5.02 or 14.4 respectively, giving 



N, 



p = (1.07 or 6.02) 



10^WV„ 



(l)dV, (5b) 



where the velocity is in kms~^ and we take gaus- 
sian line profiles 4>{V) for the integral at the po- 
sitional and velocity peak of the emission in each 
clump: J rdV = Tp f (pdV = \p2j:Tpav ■ This can 
also be expressed as a mass surface density 



Sp = (iVp/X)(^mol"lH) 



(6) 



Here we use an abundance X = 10~^ for HCO+ 
relative to H2, which is our best estimate from 
a ntimber of studies. For example, it is an upper 
limit from recent m odels of massive core chemistry 
(e.g., iGarrod et al . 2008), which show Xhco+ 



is a strong function of time, and is not neces- 
sarily the main charge carrier in such regions. 
Thus Xj^QQ+ in massive cores may be lower than 
our adopted value, which is perhaps more typ- 



ical of low-mass cores (e.g., Lor en et al. 1990t 



Caselli et al. 2002; Lee ct al. 2003). On the other 
hand, Zinchenko et al I (|2009h obtain X^qq+ ~ 



2.3-12x10^^ from observations of a sample of 
massive clumps, although they cautioned that 
their values are probably overestimates. This 
means that parameters derived here that depend 
on X are quite uncertain. 

These peak column densities are listed (for 
Tcx=10K) in columns 4 & 5 of Table O and 
are shown with the optical depths in Figure [12] 
(for both Tox^lOK and 30 K). Even with the un- 
certainties mentioned so far, it is clear that the 
high-brightness tail of the clump source function 
(the red points in Fig. [T2|) forms a distinct sub- 
population in our clump sample, with significantly 
higher optical depth and column density than the 
rest of the sample. For example, at 10 K the mean 
± SD of log(I]p) for the whole clump population 
is 2.17±0.31 (in natural units as per Fig.[T2k). 
while for the 15 bright-tail sources it is 2.95±0.23. 
Thus, there are approximately triple the number 
of sources in the bright tail compared to that ex- 
pected from a pure a log-normal distribution. The 
corrected point for BYF 73 lies beyond the range 
of points plotted in Figure [T2| at (r, N) — (6.1, 
1.70x10^ Mo pc-2). 

Note that we use the peak optical depths and 
column densities here. We prefer this parameter 
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Fig. 13. — Ratio of column densities calculated at dif- 
ferent assumed excitation temperatures from Fig. 1121 
The red symbols show those clumps from the high- 
brightness tail {W ^ 12Kkms"^) of the source PDF 
from Fig. [7^. The horizontal dotted line indicates a 
ratio of unity, i.e. where the column densities at the 
two assumed TcxS are equal. 

over "average" values since with the latter, one 
needs to define the area or depth over which one 
is averaging. In the literature of molecular cloud 
observations, this is often done with reference to a 
noise-multiple or half-power level, yet this is either 
not intrinsic to, or may not represent the emission 
from, the entire cloud. A peak value with an as- 
sumed gaussian profile is a better approach in our 
view, since it allows a finite integration for the 
whole cloud of the relevant quantity. If desired, 
one can simply use half the peak value of the rel- 
evant quantity as a representative average value. 

Figure [12] also shows the effects of a different 
assumed Tex in these calculations. The optical 
depths at the lower Tex are at least a factor of 
3 higher than with the higher Tex, more so for the 
brighter peaks since the Tp/Tex to Tp conversion 
is nonlinear. Because of this anticorrelation be- 
tween T and Tex for a fixed observed brightness, 
the column densities from eqs. (5) & (6) increase 
only weakly with Tox — see Figure [13] for an il- 
lustration. Thus, at low optical depth (most of 
the weaker peaks) the column densities are <50% 



larger for the higher Tex compared to the lower 
Tex values; at high optical depth (bright peaks) 
the column densities are actually less at higher 
Tex than at low Tex, again because of the non- 
linear conversion from Tp/Tex to Tp. We conclude 
that the column densities (and densities & masses, 
see below) are not very sensitive to the assumed 
Tex in this range. 



4.4. Clump Volume Densities, 
and Internal Pressures 



Masses, 



The gas volume density where we see IICO+ 
emission is often assumed in the literature to be 
near the J=l — »0 transition's critical de nsity ricr of 
3xlO"m-3 (jBarnes fc Crutchei][l990l ). or higher. 
However, significant molecular emission can occur 
below a rotational line's critical density ( Evand 
19991 ). Therefore it is important to determine 
whether the HCO+ emission we see is thermalised 
to the local gas (i.e., H2) temperature, or sub- 
thermally excited. Combining the column density 
(eq. 5) with the size measurement from §4.11 (here- 
after we use undeconvolved sizes in order to obtain 
correct beam-averaged and integrated quantities) 
and assuming that the physical depth of the source 
is comparable to the projected size gives a density 
estimate at the emission peak 



In 2 N„ 



ricoi 



TT RX 

(4.08 or 23) x lO^m"^ 

(i?/pc)(X/10-9) 



(7) 



TdV 



at the assumed Tex. Note that, since we are as- 
suming a gaussian density profile along the line 
of sight, eq.(7) is effectively an average density 
through the clump along this line of peak emis- 
sion. An equivalent mass density is obtained from 
Pcoi = A'moiWi/ncoi, where /imoi = 2.30 is the mean 
molecular mass in the gas. These densities are 
given in columns 7 & 8 of Table [5] and compared 
with the column density in Figure 1141 From this 
we obtain the somewhat surprising result that 
the HCO^ J =1^0 emission from nearly all of our 
clumps apparently arises from gas that is well he- 
low the critical density for this line, averaged over 
the physical size of our telescope beam. Thus, un- 
less the beam-averaged optical depths have been 
greatly underestimated, or the filling-factor of the 
emission in our beam is ^1, our Mopra HCO^" 
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Fig. 14. — Volume density vs. HCO^J=1^>0 mass surface density for CHaMP clumps at two different assumed 
values for Tox. For each panel and axis, we provide a natural and cgs scale, as in Fig. 1121 Uncertainties, 5ct sensitivities, 
and the high-brightness tail of the source PDF are also shown as in Fig. 1121 Since n!x{N/R), the scatter in these plots 
is due entirely to the clump radius. Increasing the Tex (from panel a to b) shifts the weaker emitters from Fig.[7li 
(black points) towards slightly higher E and n, but compresses slightly the high-brightness tail (red points). 



clumps may be mostly subthermally excited. The 
only exception to this rule is BYF73, for which 
the density (3.5x10^"'^ m~^) is actually close to the 
J=l-^0 critical value for thermalisation. 

This point is further illustrated by a number of 
mass calculations. If vi^e simply assume the clump 
volume contains gas at the IIC0+J=1— >0 line's 
critical density, the clump mass is given by 

M = /Ai,„oi™ffr^cr(7r/ln2)3/2i?3 (8) 




where / is the emission beam-filling factor, ricr 
is the critical density for the J— 1^0 transition, 
and we have used the volume for a 3D gaussian. 
However, this assumes no emission comes from gas 
below the transition's critical density, and that / 
for the dense gas is known and ^constant across 
the cloud. Over some of this emission, e.g. espe- 
cially at the outer parts of a cloud, the dense gas 
giving rise to the emission may not fill the beam, 
in which case / would be spatially variable and 
possibly ^1. Moreover, .Evans (1999j ) has shown 
that many dense-gas tracers like HCO"'" can easily 
be excited to emit below their critical density, as 
mentioned above. Nevertheless, if we compare the 
mass estimate from eq. (8) to those below, we may 



infer values for the required /. 

A better mass estimate comes from the HCO^ 
column density, eq. (5). Integrating this over the 
emission region yields a total cloud mass 

Mco\ = T7(A*moim//)-— - (9) 

A In 2 

= (2.24 or 12.6) x IO^Mq^^^ J rdV 

for the two assumed excitation temperatures, and 
where the former appears in column 9 of Table 
m (For BYF73 we estimate its LTE mass to 
be around 2.Ox1O''M0, significantly higher than 
the other clumps.) We show the variation of our 
clumps' volume density with this mass in Figure 
[T5] This plot makes plain the physical difference 
between the weaker and brighter sources, and that 
the latter are unlikely to be simply the tail of a 
log- normal distribution for the former. For exam- 
ple, in Fig.lTSk the mean ± SD of log(ncoi) for all 
clumps is 9.20±0.37; for the weaker sources (black 
points) this is 9.16±0.32, but is 10.01±0.32 for the 
bright clumps (red points). 

Comparing the values from eqs. (8) & (9), we 
find that our clumps are typically 1-3 orders of 
magnitude less massive than would be expected if 
the emission was coming from gas near the J=l— >0 
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Fig. 15. — Mass from column density vs. volume density for Mopra HCO"^ clumps. The red li ne connects th e value s 
for BYF 73 in Table \5\ to corrected points (in green) from a radiative transfer treatment by iBarnes et al.1 l|2010h . 
Other details, including 5a sensitivity limits, are as in Fig. ll4l This figure gives perhaps the clearest indication of the 
physical difference between the brighter (red points) and weaker (black points) HCO^ clumps from Fig.[7K. 



transition's critical density, which is the same re- 
sult as in Figure [141 This effectively means that 
either the filling factor in eq. (8) is typically 0.001- 
0.1, that the optical depths are severely underes- 
timated, or that the gas sampled by the HCO^ 
emission is subthermally excited. Although inter- 
ferometric observations of 1100+ would reveal the 
true filling factor, we discount the likelihood of a 
very low value since a majority of the clumps are 
well-resolved in the Mopra beam, and we see little 
evidence for highly clumpy substructure in those 
cases. This suggests that eq. (8) is not likely to 
be applicable to our clumps. Additionally, spot 
checks of H^^CO+ maps (currently being reduced) 
reveal that this isotopologue is usually quite weak 
(where it is detected at all, typically ^0.2 K), con- 
firming the requirement for low optical depth. We 
conclude that subthermal excitation due to low 
density is the most reasonable explanation for our 
clump emission properties. 

We now consider the virial mass according to 
Bertoldi fc McKed { 1992r) . using the velocity dis- 
persion (Table H]) and clump radius (Table [5]) : 



Mvir = balR/G 



(10) 



= 1160 M, 



/ cry 







R 



Vkms V \PC 



mass to the LTE mass Mco\ (eq. 9), through the 
virial a parameter, where a—M^ij-/ M^oh s-s shown 
in Figure Most of our Mopra HCO"'' clumps 
have Mcoi < Afvir, i-e. a>l (typically by about 
an order of magnitude), indicating they are prob- 
ably stable against gravitational forces. This also 
means that virial masses, as usually calculated in 
the literature, are likely to be overestimates by the 
same factor for most dense cloud masses. How- 
ever, the clumps in the bright tail of the source 
function (the red points) lie closer to the line of 
equal masses {a=\) on average, showing they are 
only a factor of ^3 away from being gravitation- 
ally dominated, in the virial sense. Once we obtain 
better estimates for r or Tex for these points, we 
may find some of them actually lie on or below the 
critical line. As before, BYF 73 is a special case: 
we have also plo tted corrected value s in green for 
this source from iBarnes et al. I (l2010l) in Figure 1161 
and connected them with a red line to the respec- 
tive uncorrected values from Table [S] This shows 
that BYF 73 appears unique in our sample, lying 
well below the virial equilibrium limit, and sug- 
gests it should be strongly dominated by gravita- 
tional forces. As Barnes et al. I (I2OIOII found, this 
is exactly correct, since BYF 73 appears to be in 
a state of global gravitational collapse. 



An interesting result is seen when comparing this 



Bertoldi fc McKed (|1992| ) summarised the re- 
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Fig. 16.— iBertoldi fc McKed (|l992l ) a parameter vs. mass from column density for Mopra HCO^ clumps. The solid 
line in each panel (labell ed "fit") i s the least-squares fit to the clump data, while the dashed line (labelled "BM") is 
the theoretical line from IBertoldi fc McKcc (1992). The dotted lines show the 5a mass sensitivity and the a=l limit 
for gravitationally supported clouds. Other details are as in Fig. 1151 



suits of four other GMC clump surveys in such 
a diagram. Compared to the clumps in the 
Ophiuchus, Rosette, Orion B, and Cepheus 0B3 
clouds, the CHaMP clumps' a-Afcoi power-law re- 
lation has a substantially flatter index (the solid 
lines with slope -0.34±0.04 and -0.31±0.04 at 
Tex = lOK and 30 K in Fig.[lli and b resp., 
compared to slopes from -0.50 to -0.68 in the 
above four GMCs) and shows roughly twice the 
scatter (^1 vs. 0.5 orde rs of magnitude in a). 
Bertoldi fc McKed (|l992[ ) argued that, for a>l 



at least, the expected index would be close to -|, 
indicated in Figure [1^] by the dashed line. Thus, 
our a-M relation seems to be much weaker than 
in these other cloud samples. 

However, a is strongly dependent on the 
linewidth, and given our clumps' large linewidth 
range, this is the single biggest contributor to 
the large scatter in a at any given mass. Indeed, 
Figure [TBI can almost be contoured by lines of con- 
stant linewidth with slope -0.5 and increasing to 
higher a and M . Similarly, the mass is a strong 
function of clump size; thus, the smaller clumps 
are all to the left (at the high-a end) in Figure [T6l 
while the larger clumps have the lower as on the 
right. Our low value of the power-law index for 
the whole CHaMP clump population is then seen 
to be at least partially due to clumps with small 



linewidths being somewhat lower-brightness (and 
hence lower-column and lower-mass) than average, 
and clumps with large linewidths being somewhat 
brighter than average, or at least including more 
bright clumps within their number. This combi- 
na tion of tren ds then shifts our fit away from the 
.Bertoldi fc McKc e (1992) expectation. 

IBertoldi fc McKed (|l992l) argued that large-a 
(i.e., lower-mass ) clumps are l ikely to be pressure- 



confined, while Lada et al. ( 20081 ) showed that 



pressure-confinement by the overlying GMC was 
also likely to be the case for a large number of 
low-mass thermal cores in the Pipe nebula. We 
may calculate the total internal pressure of the 
CHaMP clumps from 



P. 



gas 



2 _ 2 I 

PcolCtot — Pcol(C;gQ + 



4), 



(11) 



where Ciso is the one-dimensional isothermal sound 
speed in the (hydrogen-dominated) gas at the 
given Tox, and <jy is from Tabled this is shown in 
Figure[T7l We note that virtually all of our clumps 
are high-pressure ob jects compared to the general 
ISM value ~0.4pPa ((Boulares fc Coxll990l ). which 
seems to be a strong lower bound to the points in 
Fig. [171 but the range of pressures is commensu- 
rate with that in other cl uster-forming clouds such 
as p Oph and Orion B ( Johnstone fc Ballv 20061 
and references therein). It seems that massive 
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Fig. 17. — Total internal gas pressure vs. mass from 
column density for Mopra HCO^ clumps. Increasing 
Tex by a factor of 3 changes P and M by relatively 
small amounts. The horizontal shaded region shows 
the level of the general ISM pressure from Boulares & 
Cox (1990). Other details are as in Fig.fTS] 

clumps are well-defined objects that are likely to 
be pressm'e-confi ned by their embed d ing G MCs, 
as suggested by Bertoldi fc McKee (Il992l) an d 
shown for low-mass cores by Lada et al.1 ( 2008 ). 
However, unlike the results of these studies, P is 
not ^constant or a slowly-rising function of M; 
instead we see at least a linear rise of P with M, 
although the scatter in P for a given M is very 
large, about 3 orders of magnitude (due mostly 
to the large range of linewidths in our sample). 
Notably, the CHaMP bright-tail sources are all at 
the high-pressure end of Figure [TT) Thus, while 
our bright-tail sources span the upper half of the 
range of all clump masses in Figures [16] & [iTl as 
a group they are smaller, denser, have higher in- 
ternal pressure, and are closer to being gravita- 
tionally dominated than the rest of the CHaMP 
clumps. Additionally, except for BYF 73 there is 
a dearth of clumps in the strongly supercritical 
(a<l; Fig.[T6| regime, although future corrections 
to the optical depth of the bright-tail sources may 
somewhat fill in this region. 

To illustrate this further we look at the clumps' 
gravitational stability. The critical limit for a non- 
magnetic, pressurised, gravitating cloud is given 



Ml 



BE 



1.182 



1.858 



(G3Pext)l/2 

'"tot 
(G3peol)l/2 



(12a) 
(12b) 



When iLada et al 
for their low-mass 



(called the Jeans mass bv lBertoldi fc McKeelll992l) . 
where we have used pcoi = 2.47yOext from the crit- 
i cal B onnor-Ebert solution. 
(|2008t ) plotted Mcotc/Mbe 
thermal cores as a function of core mass, they 
found a clear trend of rising mass ratio which 
crossed unity for core masses 2-3 Mq. In Fig- 
ure [18] we see a similar trend of rising mass ra- 
tio, but with a much larger scatter (due to our 
highly non-thermal linewidths AV) and crossing 
unity at a much higher mass around 1000 M©. 
In fact, this crossing point rises rapidly with the 
linewidth: for smaller AI^~2kms~^, the crossing 
point is ~400Mo. For larger AF^S kms"^, it is 
~3OOOM0. For the low-mass cores of iLada et al 



(|2008l ) with total AI/~0.6kms-\ the crossing 
point is 2-3 M0. Of course this is roughly con- 
sistent with eq. (12) by construction, but intrigu- 
ingly the power-law index (3 for Mcross oc AV'^ 
between 3M0and 4OOM0is closer to 4, while 
for the CHaMP clumps (i.e., between 400 and 
3000 M0) 13 is closer to 2.3. This suggests that 
lower-mass cores or clumps reach critical BE-like 
states at constant pressure, while more massive 
clumps reach such states at constant density. As 
for the majority of the clumps in Figure 1181 they 
may be in equilibrium states with respect to grav- 
ity, mirroring the result in Figure 1161 Few clumps 
rise above a mass ratio of 1 indicating instabil- 
ity to collapse (with BYF 73 being the obvious 
exception). The bright sources (red points) are 
generally closer to criticality as before. We dis- 
cuss these findings further in ^4.71 

4.5. The Clump Mass Function 

Besides the source and luminosity PDFs pre- 
sented in ^14. 21 we can also construct the clump 
mass PDF 



Hm - (M/Afo)"'' dlogM, 



(13) 



in a similar way (Fig. [TO)) , although this will 
change slightly with the assumed T^^. Here 
we do not find a single power-law behaviour as 
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Fig. 18. — Ratio of (clump mass to Bonnor-Ebert 
critical mass) vs. mass fro m column density for Mopra 
HCO'*' clumps, following iLada et al.l (|2008l ). Increas- 
ing Tox by a factor of 3 raises both the mass and mass 
ratio by a small factor. The dotted line shows the 5a 
mass sensitivity, while the dashed line shows unit mass 
ratio for critically supported clouds. Other details are 
as in Fig. [121 

found for the other two functions, rather we have 
two distinct power laws, one each over a lower- 
and a higher-mass range. For Tex = 10 K, fit- 
ting to clumps with mass M>6OOM0 gives a 
fit with slope r=-1.25±0.04 over a range of re- 
alisations, while a fit to clumps in the range 
100 Mq <M<600 M0 similarly gives r=-f 0.37±0.05. 
However for Tox = 30K, splitting the mass ranges 
at 120 and TSOMogives fits r=-1.19±0.04 and 
r=-|-0.39±0.07. Once again we find that these 
results are not very sensitive to the assumed Tex- 
We can understand the change in the form of 
the PDF from Figure [7] to Figure [H] as follows. Di- 
mensionally, the clump mass goes as the peak line 
luminosity times the projected area. Except for 
the bright-tail sources, the bulk of the clumps have 
a size that is relatively independent of the bright- 
ness (Fig.fTOb). Thus the distinct form of the 
luminosity PDF is essentially erased when multi- 
plied by the square of a somewhat random factor 
that has a dynamic range of 6. Indeed, the mass 
PDF appears to resemble a normal distribution in 



log(mass), with a meamtSD — 2.59±0.49 in the 
log at 10 K, i.e., a mean mass of 390MgfFig.[T9b). 

The lower-mass range in Figure 119b also rep- 
resents clumps which are incompletely sampled at 
our largest distances. This is shown more clearly 
in Figure I20[ where we overlay simulations of our 
clump detection limits on a mass-radius plot of our 
measured clumps. Here we see that, as the mass 
drops further below ^lOOM©, clumps can only be 
detected at smaller and smaller distances, leading 
to a completeness which drops with mass. Similar 
curves can also be drawn for various linewidths at 
a fixed distance, but for constant W, varying AV 
changes the curves very little, since the simulated 
Tp drops as Ay rises. The main point to note 
in Figure [20l however, is that the distribution in 
{R,M) seems well-sampled above ^IOOMq at all 
distances, since there is a clear gap between the 
detected massive clumps and our sensitivity limit. 
In contrast, although all our clumps are nearer 
than 7kpc, below ^60 the true distribution is 
likely undersampled. This underscores the point 
made in M.2l that. while the slope of the PDFs be- 
low the turnover is quite uncertain, the existence 
of the turnover at characteristic values of W, L, 
or M, and its value in mass of Afc~6OOM0, seems 
fairly reliable. 

On the other hand, the higher-mass range most 
likely forms a complete clump sample. In this case, 
we can then relate the mass PDF to the Clump 
Mass Function (CMF), 



dH 



M 



M 



dM M d\ogM 



oc M- 



(14) 



which means that j—r-l, and this is illustrated in 
Figure [21] This value for 7 is very s imilar to that 
in se v eral other CMF studies (e.g. Lada fc Ladal 
2OO3I: iRathborne et al.l l200d: lAlves et al.l l2007t 



Beltran et al.l I2006L and references therein) , and 
to the Salpeter IMF for stars. In addition, the 
overall distribution Figure [21] is reminiscent of 
the dense core ma ss function (DCMF) derived by 
lAlves et~al ( 2007 ). in that the high-mass objects 
obey a power law above some critical mass, but 
break to a much flatter power law below the criti- 
cal mass. In our case though, the critical mass in 
the CMF is a bout 300 times that of the DCMF 
at 2M0. As 'Beltran et al.' (|2006l ). 



Alvesetal 



(2007), and [Lada et al. (2008) point out in com- 
paring the CMF/DCMF and IMF, such mimicry 
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(a) ^HCO+ [M©] (b) ^HCO+ 

Fig. 19. — Mopra HCO''" mass PDF, as defined in the text, for Tex = 10 K. (a) One realisation of power-law fits for 
23 histogram bins, (b) Equivalent gaussian fit. 



between the shapes of these mass functions sug- 
gests that similar fragmentation processes could 
be at work on the different scales, apart from a 
uniform efficiency factor for the formation of dense 
cores from massive clumps. However as mentioned 
above, our lower-mass range likely suffers from 
decreasing completeness towards lower masses, so 
the exact slope in this range is uncertain. While it 
is clear from Figure [201 that our completeness level 
drops below 60 Mq , it is not clear that any missing 
clumps will be of sufficient number to meaning- 
fully change the existence of the mass function 
turnover. In order to confirm this suggestion, one 
would need (for example) to map the fainter 88 
Nanten clumps not mapped at Mopra, thereby 
improving our statistics for clumps in the lower 
half of our mass range. Integrating more deeply 
in the existing fields, thereby lowering our column 
density limit, would also be helpful. Obtaining 
the actual Tex for each clump will reduce the un- 
certainty in the CMF slope for our higher-mass 
range as well; higher-resolution observations of 
our bright clumps would help in this regard. 

4.6. Comparison with Models and Other 
Massive Clump Samples 



Krumholz fc ThompsonI ([20071) and [Naravanan et al 



(|2008[ ) modelled the radiative transfer of molec- 
ular line emission in a clumpy density distribu- 
tion representing populations of clouds in galax- 



ies. In such large systems, observed indicators of 
star formation rate (SFR), such as the bolomet- 
ric infrared luminosity Lir, scale as the under- 
lying Kennicutt-Schmidt law, i.e. as a power N 
of the volume-averaged mean density ngas of the 
mol ecular mass in th e galaxy; typically N—IA- 
1.6 ( Gao fc Solomon! i2004a.bV Tracers of dens e 
molecular gas such as CS, HCN ([Wu et al.l[20"lol) . 
or HCO+ are also often used to trace star forma- 
tion activity, both in th e Milky Way and exter- 
nal galaxies. However as [Krumholz fc Tan[ ([2007|) 
point out, the exact SFR-Lir relation in indi- 
vidual young clusters is subject to much more 
uncertainty, due mainly to the variable contribu- 
tion by still-forming stars to Lir when the cluster 
age is <3 Myr. Nevertheless, many studies (e.g.. 



Wu et al.li2Cllol and references therein) find that 



Lir and Lmoi (the molecular line luminosity from 
one of the aforementioned dense gas tracers) are 
well-correlated from cluster to galactic scales, and 
therefore the relation of either of these quantities 
to ngas is of great interest. 



[Naravanan et al. ( 2008f) suppose that if the SFR 
(which they take in their case to be indicated by 
Xir) cx „i, and if Lmni oc ""-gaa i then one expects 
N=a.b. [Naravanan et al. ( 2008f) predict that, in a 
galaxy- wide population of clouds with a mean den- 
sity below the HC N J—l—^O critical density, a^l 
and 6^1.5, while Krumholz fc ThompsorJ ( 2007 ) 
obtain a similar result for HCO^, but with a rising 
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CHaMP clumps in HCO* 



1000 




100 



R [pc] 

Fig. 20. — Mass vs. radius for Mopra HCO^ clumps 
(with 5a mass sensitivity and 2a radius sensitivity at 
a mean clump distance of 3.2 kpc; other details as in 
Fia. ll2|l . The points are overlaid by simulations of 
clump detectability at our mean 3a sensitivity limit 
of W — 0.90Kkms~^. The convergence of curves in 
the upper right to a slope of 2 reflects the equivalent 
column density sensitivity for well-resolved clumps, 
whereas the upturn in the curves at small R, espe- 
cially at the larger distances, reflects our angular reso- 
lution limit. Each curve, calculated for a linewidth of 
3kms~^, is labelled by the clump distance where W 
would be at this limit; above each curve is the locus of 
detectable clumps at this distance, below each curve 
are undetectable clumps. Increasing Tex by a factor of 
3 raises both the points and the simulated curves by 
a small factor in mass. See the text for more details. 

to 1.5 and b dropping to 1 as the median density 
rises (HCO"'" has a slightly lower critical density 
than HCN and so probes clou ds with a wider 
range of properties). Strikingly, iNaravanan et al.l 
(|2008D 's model also predicted a very large frac- 



tion of the molecular line emission may be coming 
from a "vast population" of subthermally-excited 
clumps, which we strongly confirm in our data. 

Because of our large sample of Galactic clumps, 
we are in a better position than previous dense 
gas studies of the Milky Way to examine some 
of these predictions, in particular the Lmoi-rigas 
relation. Here we compare our sample proper- 
ties with results from some recent surveys that 



appro ach CHaMP's comprehensiveness. IWu et al 
lave recently completed a similar molecu- 
lar line study to CHaMP, though smaller in sam- 
ple size (50) and selected towards massive star- 
forming regions traced by water masers. A com- 
parison of our results with this work nicely illus- 
trates how this selection can strongly affect the 
derived properties of such clump samples. 

In Figure [H] we show the distribution of the 
CHaMP clumps' HCO+ integrated line luminos- 
ity with density, and give two fits to these data 
(discussed further below). Both fits show that, 
while the value of the index b is quite uncertain, it 
is clearly positive, i.e., the clumps' HCO"*" line lu- 
minosity increases with the clumps' gas density, 
althou gh possibly with a low value for the in- 
dex b. IWu et all (|20l tf) found, in contrast, that 
their massive clumps' HCN and CS line luminosi- 
ties, as well as total iiR, are anticorrelated with 
n (i.e., b around -1, also shown in Figure B^ . 
They attributed this disparity to their selection 
of luminous star-forming regions, with more lumi- 
nous ones tending to excite emission from larger 
areas, making their derived mean densities lower. 
At face value, this may be reasonable: we see in 
Figure [21] that the upper envelope of o ur bright- 
est so urces straddles the trend seen by IWu et al 



( 2010l ). while all the weaker clumps are well below 
this trend. This supports the idea that this bright 
sub-sample is qualitatively different from the ma- 
jority of weakly-em itting clun i ps, an d leads us fur- 
ther to suggest that Wu et al. (|2010[ ) 's sample may 
be just the upper envelope of the whole clump pop- 
ulation w hich, apart from a norm alisation, may 
follow the INaravanan et al.l (|2008l ) trend after all. 
Thus, sample selection may make a critical differ- 
ence to the derived /^moi-'^gas relation. We suggest 
that because CHaMP selects a clump population, 
the trend we see here is more representative of all 
clouds at all evolutionary stages, rather than a law 
that describes only the most luminous clouds in a 
galaxy that may, in fact, represent only a single 
evolutionary stage (H2O mas er-containing clouds 



in the case of IWu et alll2010[ ) 



However, the re is a fur t her d ifference between 
the CHaMP and lWu et aD (|2010l ) results that may 
be significant. Here we derive clump masses based 
on column density, and depending only on the 
assumed Tex (which has only a weak influence 
on the results, M.3\i and the HCO+ abundance. 
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CHaMP clumps in HCO* CHaMP clumps in HCO* 




Fig. 21 — Mopra HCO+ Clump Mass Function (CMF) after iBeltran et alj l|2006l ). and plotted for (a) Tox = 10 K, 
and (6) Tex ~ 30 K. Dotted vertical lines show the mass ranges over which power-law fits (shown by dot-dashed lines) 
were obtained. Each power-law fit is labelled by the fitted slope 7 for this realisation (23 and 25 histogram bins for 
panels a and b, resp.). At 10 K (panel a) the mean ± SD values for many realisations are 7 = -0.63±0.05 over the 
lower-mass range and -2.25±0.04 for the higher masses; at 30 K (panel b) j — -0.61±0.07 and -2.19±0.04, resp. 



In contrast, Wu et al. ( 201Clf ) calculate the virial 
masses for their HCN and CS data, and derive 
densities based on this mass. At least in the 
case of HCO"'", Figure [TB] shows that the virial 
mass is typically 3-30 times larger than the ac- 
tual cloud mass. Therefore it may be that, if 
the cloud s trace d by HCN and CS are similar, 
Wu et all (l2010h 's masses, and hence densities, 
could be overestimated. Moreover, this overesti- 
mate might not be uniform: substituting densities 
for our HCO^ clumps based on our virial masses 
into Figure [22I the lovirer-luminosity sources, hav- 
ing larger a, are most shifted to higher densities, 
while the higher-luminosity sources shift relatively 
Uttle. Although there is a large scatter, the result- 
ing distribution (not shown) evenly fills the space 
betwee n the unshifted p oints plotted in Figure [22] 
and the Wu et al. trend, wh ile the brighter 

sources follow the IWu et al.l (l2Q10l) HCN and CS 
results more closely {b = —0.71 ± 0.24). 

Instead, we prefer to use the density based on 
the calculated column density, as displayed in Fig- 
ure (22 Fitting these data with a single law gives 
an index b near zero (not shown); however we 
maintain that this is mostly due to the distri- 
bution of our sample in Lmoi-^^gas space, which 
is highly concentrated towards the centre of this 



diagram and distorts the least-squares fit to the 
higher-density points. Binning the data in log(n) 
and weighting the bins uniformly, we obtain b = 
0.16±0.12 (shown as a dotted line), which is still 
quite shallow. Notably, the more distant clouds 
are all to the left of the plot, while nearer clouds 
are all to the right. Indeed, some of the struc- 
ture in this plot must be attributed to the fact 
that most clumps are associated with only a few 
complexes at a small number of quite different 
distances. Restricting the points to subsamples 
within smaller distance ranges makes the Lmoi~ 
"■gas correlation plainer. An example is shown for 
the 77 Carinae (BYF 60-118) and other complexes 
with fairly well determined distances in the range 
2.4-2.5 kpc which, being nearer, are complete to 
a lower value of L^oi than the rest of the sample. 
This yields the fit 6 = 0.44±0.24 and is shown as 
a sohd line in Figure Indeed, the trend seems 
significantly steeper than this to the eye, but as 
described above the centrally concentrated distri- 
bution of points skews the least-squares fitting. As 
a consequence, though, we see that even our large 
sample of clumps probably doesn't give an ade- 
quate sampling of Lmoi-'T-gas space. Therefore, de- 
spite our best fits giving values for b possibly less 
than the ~1-1.5 predicted by Krumholz &: Thomp 
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CHaMP clumps in HCO* 
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Fig. 22. — Mopra HCO"'' integrated line luminos- 
ity vs. density plotted for Tex = 10 K, with weaker 
and brighter clumps from Fig. [7] in black and red as 
before, except for 191 clumps with distance 2.4 kpc 
< d < 2.5 kpc, which are shown in blue and magenta, 
resp. The correction for BYF 73 is shown as a red 
line. We show two fits to these points: (i) all points 
were binned in equal intervals of log n and these bins 
equally weighted in a least-squares fit, giving a power- 
law index 0.16±0.12 (dotted line), and (ii) a similar fit 
to the blue and magenta points, giving a power-law in- 
dex 0.44±0.24 (solid line). We al so show, a s a das hed 
line labelled "Wu", the trend of IWu et al] ()2010[ ) on 
the same scale, from a robust fit to a sample of massive 
clumps from selected luminous Galactic star-forming 
regions, with a power -law index -1.01 ±0. 02. This is 
actually an average of lWuet al.ll|2010h 's robust linear 
fits for Lcs2-i and Lhcni-o vs. n, which differ from 
this average by less than 0.05 in the log over this plot. 
See text for further discussion. 



son (2007) and iNaravanan et al.l (|2008f ), we con- 
sider that the stronger statement 6>0 for the 
CHaMP HCO"*" clumps does give conditional sup- 
port to these models. 

It will be important to measure Lir in the 
clumps to investigate how the extragalactic rela- 
tions between Lir and imoi are established: we 
are now compiling bolometric data on our clumps 
and will examine this issue in a future CHaMP 
paper (Ma et al., in prep). Likewise, once data 



from other species included in our survey (such 
as HCN, HNC, or N2H+, see Table E]) are anal- 
ysed, we can investigate whether there is evidence 
for larger indices b in the imoi~"-gas relation for 
molecules with higher critical densities. Addition- 
ally, we are also surveying these clumps in the near 
IR for their current star formation activity, and 
so will event ually be able to examine the relation, 
modelled by Krumholz fc TanI ( 2007 ). between the 
true SFR and Lir for a very large sample of Galac- 
tic clusters. For now, we believe we c an recon- 



cile th e apparent disparity between the iWu et al 



-^moi~'T-gas relation and its theoretical coun- 



terparts. This emphasises again the advantage of 
our unbiased, large-population approach. 

(l200d) 



Among other studies, iRathborne et al 



mapped the 1.2mm continuum emission from 38 
Infrared Dark Clouds (IRDCs) and compared this 
to Galactic Ring Survey -'^'^CO emission to de- 
rive properties of 140 dark "cores" within the 
IRDCs. Their IRDC population has a median 
mass (10^ M0) and mass range (10^-10'' Mg) 
somewhat larger than the CHaMP HCO"'" clumps, 
while the "cores" are more similar in mass to our 
clumps. The IRDCs and their cores similarly seem 
to bracket our clumps' sizes and densities, and the 
IRDC core mass function has 7 ~ — 2 compared 
to our high-mass slope near -2.2 (Fig.[2Tk). while 
their dust temperatures seem somewhat higher 
than our excitation tem peratures (which a re ap - 



parently subthermal). Rathborne et al. ( 2006[ ) 



find a very large number of such clouds that could 
conceivably represent a population that accounts 
for all the star formation in the Milky Way. They 
proposed that IRDCs form an earlier stage of evo- 
lution for massive star and cluster formation than 
hot cores, but did not quantify the timescales in 
that picture. 

While the absorption of IR emission against the 
bright Galactic background would seem to afford 
a fairly reliable method of dete cting massive dark 
clouds, .Rathborne et al. 1 (|2006l) themselves point 
out that such a method only works where a bright 
background exists; equivalent clouds with a dark 
background are undetectable with this technique. 
This introduces a bias towards nearby objects, and 
those at smaller absolute longitudes (eg |Z|<50°) 
which have a higher chance of lying in fron t of a 
bright background. Rathborne et al. ( 2006[ ) esti- 
mate their detection rate across the Galaxy to be 
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^ due to this bias, and although it is unclear if 
this introduces a selection effect on the properties 
of the molecular clouds, the detection rate is oth- 
erwise hard to quantify: it may well be smaller. 
It seems clear that our method of finding all line 
emission within a given window is a necessarily 
less biased technique. 

Beltran et al.l (|2006l ) also mapped 1.2mm emis- 



sion from 235 massive clumps sel ected on their 
IRAS colours, similar to the study of lFaundez et al. 
(I2OO4I) of a s omewhat higher-luminosity sample. 
Beltran et al.l (^2006,) 's median clump size is some- 
what smaller than ours, 0.4 vs 0.67 pc, although 
this may be partially due to the smaller SIMBA 
beam compared to Mopra. In contrast, sizes of 



clumps from a related study (|Fontani et al.l 120051 ) 
are v ery similar to o u r CHa MP HCO"'" sizes. How- 



ever 



Beltran et al. (l2006f) found most of their 



clumps t o be symmetric, unlike o ur results and 



those of Gutermuth et al. (I2OO9I) . iFontani et al 



(|2005[ ) also found that their clumps' excitation 
temperatures were 8-10 K based on multi-line 
C-'^^O measurements, while the dust tempera- 
tures derived f r om SE P fitting were similar to the 
Faundez etahl (|2004l) result (30 K). This supports 
the conclusion here that th e dense gas is mosth 



tne conclusion nere tnat tn e dense gas is rnostly 
subthermally excited. The [Bdt ran et al.l (120061) 
median clump mass is 102 Mq, median volume 
density 4xl0^"m~^, and median surface density 
1.4kgm~^, compared to our results of 325 Mq, 
1.7xl0^m-3^ 0.29kgm-2 ^hus the Mopra 

HCO"*" clumps are larger and more massiv e, and 



of low er column density than the Beltra n et al 
(j2006l ) s ample, but our clump s are less massive 



l|/UUbl l s ample, out our clump s are less massive 
than the iFaundez et al.l ( 2004h and similar high- 
luminosity samples. This means that, even when 
selecting for massive star-forming regions based on 
mid- or far-IR colours or fiux densities, care must 
be taken when intercomparing surveys to allow for 
possibly subtle differences in sample properties. 

4.7. Clump Sub-populations, Evolution, &; 
Timescales 

As described earlier (§gl 1121 IH]), one of 
CHaMP 's primary science goals was to obtain, by 
demographic analysis of an unbiased sample, con- 
straints on the lifetimes of different stages of clump 
evolution, where they could be discerned. From 
the analysis presented above, we propose that for 
the dense clumps traced by HCO+, we can iden- 



tify two main sub-populations within this sample: 
a small subset of clumps in the "high-brightness 
tail" of the source PDF Hw, which are smaller, 
denser, closer to being gravitationally-dominated, 
and somewhat more massive; and the remaining 
large majority of "weakly-emitting" (but easily- 
detected) clumps. The latter, larger group have 
a fairly uniform set of properties compared to the 
brighter sources. 

This source PDF is quite significant. As far as 
we are aware, this is the first time that a weakly- 
emitting subpopulation among all dense clumps 
has been identified. The high-brightness tail of 
this distribution is, in contrast, similar to the 
kinds of clumps that hav e been studied in sev- 
eral other surveys fsuch as lWu et al.ll2010l ). If the 
clumps sampled here uniformly represent, as in- 
tended, the entire population of dense molecular 
clumps in a range of evolutionary states, e.g. from 
ones forming out of a GMC envelope to others ac- 
tively making massive stars or clusters from denser 
cores within them, then the high-brightness tail of 
the distribution, comprising only 5% of our sam- 
ple by number (13% by mass), represents a state 
that only lasts 5% of the overall lifetime of the 
clumps, if they evolve at constant number (e.g. 
by becoming denser), and only 13% of the clump 
lifetime if they evolve at constant mass (e.g. by 
mergers). These fractions would be even lower 
if allowance is made for our survey incomplete- 
ness at masses below 100 Mq. Thus, if the typical 
clump lifetime, from formation in a GMC envi- 
ronment to disruption by an embedded massive 
cluster, is 50Myr (for example), then the bright 
phase is implied to only last 2.5 or 6 Myr in these 
respective scenarios. Indeed, this is very sugges- 
tive: studies_o£typical young embedded clusters 
(e.g. iDa Rio et aLll2010l) consistently give ages on 
the order of 1-5 Myr. To confirm this number, we 
would need to establish that the weakly-emitting 
clump population does not show (e.g.) an abun- 
dance of Brackett-7 emission indicating the pres- 
ence of already- formed massive young stars. If 
this is indeed the case, we will be able to reconcile 
a long-standing discrepancy between different es- 



timates of molecular clo ud lifetimes (|Koda et al 
20091 : iBeccari et al.ll2O10l ). 

The calculations in ? ^4.2fj44l in particular 



the volume density estimates, strongly suggest 
our clump population is, for the most part, sub- 
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thermally excited, unless (for example) the beam 
filling- factor of the HCO"'" emission is <Cl. In this 
case we would need very filamentary cloud struc- 
tures, of size <0.05pc, to produce an effective 
beam-dilution of up to two orders of magnitude. 
While this is possible, there is little evidence in 
the literature, or our data, to support this idea. 
This is not to say that massive clumps cannot 
have small-scale structure, since such structure 
is ultimately necessary to form individual stars. 
However for our emission to come mostly from 
thermally-excited gas, most of the gas mass would 
have to reside in very filamentary or clumpy, high- 
density structures, which are then beam-diluted 
to produce maps of apparently low optical depth. 

Instead, it is well-known that molecules like 
HCO"'" can be detected from regions with den- 
sity well below their critical density, if their abun- 
dance or column density is high enough. In this 
case, they are simply sub-thermally excited ( Evand 
1999f ). We posit that the weakly-emitting clump 
population is in this state, and as such may com- 
prise a pre-massive star formation sample. Such 
a population of subthermal mas sive clumps is, in 
fact, p redicted by models such as lNaravanan et al. 
( 20081 ). In this state, their internal dynamics 



are still disorganised, perhaps indicating their for- 
mation conditions, since they have not yet be- 
come dominated by the consequences of massive 
star or cluster formation in their interiors. Thus, 
they have no particular size-linewidth relation, 
and their HCO"'" brightness is low, but detectable. 
Such clumps may yet have ongoing low-mass star 
formation within their confines, since at the typi- 
cal distances to these clumps (~2--7kpc) such low- 
luminosity effects would be hard to detect. 

The brighter clumps in the tail of the HCO+ 
source function then represent, in this scenario, 
those massive clumps which are being actively al- 
tered by the formation of an embedded massive 
star or cluster, although such effects are typi- 
cally limited to a volume ;$lpc in radius. They 
have higher optical depths in HCO+ and higher 
columns of g well as higher temperatures, 

densities, and pressures, but have a smaller range 
of linewidths: the HCO"*" is now closer to be- 
ing thermally excited. This idea is strongly sup- 
ported by Figures [l5l [TH [13 and [HI these 
bright-tail clumps are the closest to being un- 
stable against gravity, compared to the weakly- 



emitting clumps. For HCO"*", the action of such 
massive star-cluster formation seems to produce 
a consistent degree of heating and/or dynamical 
stirring, producing brighter HCO"*" lines of width 
~4-5 km s"""^ and clumps of size ^1 pc. We suggest 
this linewidth may not be random: it corresponds 
to a thermal linewidth of H2 gas at a tempera- 
ture of 1300-2000 K, typical of shocks in (for ex- 
amp le}_JIerbigTIaJO_objecteaji^^ locations 
(e.g. ICaratti o Garatti et al.ll2006l) . 



5. Conclusions 

We report the first Mopra-ATNF results of the 
CHaMP project, a large-scale, uniform, and un- 
biased census of higher-mass star formation in a 
large portion of the Galactic Plane. We present 
several catalogues as part of this project, includ- 
ing a complete set of integrated intensity and 
higher moment maps, of the HCO"'" J=l— >0 emis- 
sion from 301 massive molecular clumps in this 
window. Our results include: 

• We detect a large population of "weakly- 
emitting" (but easily-detectable) massive 
clumps, comprising 95% of our sample. The 
"high-brightness tail" of this distribution, 
with properties similar to some popularly- 
studied massive star-forming regions, make 
up only 5% of our sample. 

• The clump source and peak luminosity PDFs 
show power-law distributions above char- 
acteristic levels Wc=4Kkms~^ (~10x our 
noise threshhold) and Lc=l-OKkms~^ pc^, 
while the clump mass function shows two 
power-law regimes with a break point near 
Mc=600Mo; the mass function also resem- 
bles a normal distribution in log (mass), with 
a meaniSD = 2.59±0.49, or a mean mass 
near 390 M0, although this may be skewed 
somewhat to higher masses due to complete- 
ness limits in our survey. 

• The power law of the higher-mass clumps 
is similar to the Salpeter value for the stel- 
lar IMF; the two power laws taken together 
resemble similar patterns seen for stars and 
low-mass dense cores, indicating (i) there is a 
characteristic scale to structure (i.e., clump, 
core, or star) formation in the dense ISM, 
and (ii) the process is self-similar over many 
decades in mass, except for an efficiency fac- 
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tor in converting clumps to cores to stars. 

• The observed properties of the clump popu- 
lation are: radius 0.2-2.5 pc, peak tempera- 
ture 1-7 K, FWHM linewidth l-10kms-\ 
and mean axial ratio of around 2. The 
clump s show n o linew idth-size relation of the 
classic LarsonI (1981) variety. However both 
size and linewidth seem more narrowly dis- 
tributed for the brighter clumps. 

• The derived physical properties of the clump 
population are: integrated line luminosity 
0.5-200Kkms-ipc2, optical depth 0.08-2 
(assuming Tcx^^lOK), mass surface density 
30-3000 Mq pc-2 (assuming Xhco+=10"^), 
number density (0.2-30) x 10^ m^^, LTE 
mass 15-8000 M0, virial parameter 1-55, 
and total gas pressure 0.3-700 pPa. 

• In order to explain all these clump proper- 
ties, most of the HCO+ emission must come 
from subthermally excited clouds, rather 
than from structures having a small beam- 
filling factor. 

• The HCO+ clump population does not seem 
to follow the exact iBertoldi fc McKe^ (|l992l ) 
a-M relation; instead we see a shallower de- 
pendence of a on M, mostly due to the wide 
range of linewidths of our clumps. Most 
clumps may be in pressure-confined virial 
equilibrium with their surroundings. 

• Comparison with populations of low-mass 
cores suggests that lower-mass cores or 
clumps reach critical Bonnor-Ebert-like 
states at constant pressure, while more mas- 
sive clumps reach such states at constant 
density. Few clumps exceed the criterion for 
gravitational instability. 

These properties are markedly different to those 
of massive clumps in other, more biased, studies. 
In particular most of our clumps seem to be sub- 
thermally excited and not gravitationally bound; 
only the brightest ^5% of our clumps are similar 
in their properties to other massive cloud studies, 
which we attribute to bias due to various selection 
criteria in these studies. 

One of the main objectives of CHaMP is to use 
the unbiased sampling of a complete population of 
massive molecular clumps to infer lifetimes for the 
various phases seen. This suggests that a weakly- 
emitting (in HCO^) phase of massive clump evo- 
lution lasts ^95% of the lifetime of a clump, dur- 



ing which few massive stars or star clusters form. 
When the clump at last becomes bright in tradi- 
tional dense-gas tracers such as HCO+, we claim 
that massive stars and clusters are already form- 
ing/have formed, disturbing the gas from its ini- 
tial conditions. The transition between these two 
phases, where gravity triggers a global collapse 
of the clump and a cluster first begins to form, 
appears to be very short compared to the clump 
lifetime, <1%, since we only see one such exam- 
ple in our population. For a GMC/clump lifetime 
of perhaps 50 Myr, the pre-massive, collapse, and 
cluster phases then correspond to lifetimes 47, 0.2, 
and 2.5 Myr, respectively. 

We have used these data to synthesise a new ob- 
servational picture of the overall evolution of mas- 
sive clumps which consistently explains a number 
of observed and theoretically predicted phenom- 
ena for the first time. We look forward to further 
observational and theoretical tests of these ideas. 

The concept of CHaMP as a systematic survey 
was inspired by the example of Phil Myers and 
coworkers and their systematic studies of low-mass 
star formation. But CHaMP would have remained 
only a concept if the Nanten surveys had not been 
available to bootstrap from, and if the Mopra dish 
had not been able to leverage this opportunity into 
new science. We are indeed fortunate that the 
efforts of many talented people have enabled Mo- 
pra's many recent upgrades and enhancements. In 
particular, we thank Warwick Wilson and his team 
in the ATNF receiver group for an outstanding job 
in engineering the MOPS and MMIC upgrades. 
Mopra's OTF capability owes a great deal to Tony 
Wong, who also provided the foundation for our 
data analysis scripts. We also thank Ned Ladd 
and Erik MuUer for their valuable contributions 
to Mopra's development. Besides the normal TAC 
process from 2004-07, CHaMP was also granted 
"UNSW time" on Mopra in 2006, for which we 
thank Michael Burton. 

Finally we thank the anonymous referee for 
a thorough reading of the manuscript and many 
helpful comments and suggestions which improved 
the paper, and Paola Caselli for additional com- 
ments on the manuscript. PJB gratefully acknowl- 
edges support through NSF grant AST-0645412 to 
JCT at the University of Florida. 
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A. HCO"'" Integrated Intensity Maps 

The Mopra catalogue of HCO+ moment-O maps of sources from the NMC (Tabled]) is presented in Figures 
[^5Hi51 on the scale as given by each colourbar; they are also available for download as individual PDF 
and FITS files from www.astro.ufl.edu/champ/. Details such as velocity integration ranges, contouring, 
noise levels, and distance scales are included in the caption to each figure. Generally, however, contiguous 
low-level emission above ~2cr tends to be real, although of course the detailed emission structure is reliable 
only above ~4ct. To aid in the identification of significant features, contour levels spaced every few a are 
overlaid (this varies from figure to figure; in some cases the noise level across each map also varies — see ^ 
for the rms maps). For the moment-O maps, negative contours (and zero) are grey, while positive contours 
are magenta. Also shown in each figure are white ellipses for the fitted 2D gaussians of each Mopra clump, 
and the smoothed Mopra HPBW (40") as a black circle in one corner; the latter can be used as a physical 
scale indicator in each case. 
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Fig. 23. — Mopra integrated intensity HCO'''J=1^'0 map of Region 1 sources BYF5-9. The integration is over the 
range -14.0 to -1.8 kms~^ or 109 channels, yielding an average rms noise level 0.318 K km s~^, and contour levels 
spaced every 3a are overlaid. At a distance of 3.2 kpc, the smoothed Mopra beam (lower right corner) scales to 40" 
= 0.621 pc or 1 pc = 64"5. 
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Fig. 24. — Same as Fig. 1231 but for isolated source BYF 11. The integration here is over the range -12.0 to - 
3.0 kms~^ or 80 channels, yielding an average rms noise level 0.238Kkms^^, and contour levels spaced every 4cr are 
overlaid. At a distance of 3.2 kpc, the smoothed Mopra beam (lower left corner) scales to 40" = 0.621 pc or Ipc = 
6A".5. 
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Fig. 25. — Same as Fig. 1231 but for Region 2a sources BYF 10 and 12-14. The integration here is over the range -4.8 
to -2.5 kms~^ or 23 channels, yielding an average rms noise level 0.279Kkms~^, and contour levels spaced every 2a 
are overlaid. At a distance of 3.2 kpc, the smoothed Mopra beam (upper right corner) scales to 40" = 0.621 pc, or 
Ipc = 64"5. 
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Fig. 26.— Same as Fig.[231 but for Region 2b & 3 sources (a) BYF 15 and 16, and (6) BYF 15 and 17-21. The respec- 
tive integrations are over the ranges -2.0 to +2.5 kms"'^ (44 channels) and -8.3 to -3.0 kms"'^ (51 channels), however 
the various clumps are at different Vlsr and are imaged at higher S/N when integrated over more restricted velocity 
ranges, as in Table [J] Here the maps have average respective rms noise levels of 0.347 K km s~^and 0.374 K km s~^, 
and contour levels spaced every 3a (for both) are overlaid. At a distance of 3.2 kpc, the smoothed Mopra beam 
(upper left corner) scales to 40" = 0.621 pc, or Ipc = 64"5. 




Galactic Longitude 



Fig. 27. — Same as Fig. 1231 but for Region 3 sources BYF 22,25,26. The integration here is over the range -17.2 to 
-12.2 kms~^ or 45 channels, yielding an average rms noise level 0.186Kkms~^, and contour levels spaced every 3a 
are overlaid. At a distance of 3.2 kpc, the smoothed Mopra beam (lower right corner) scales to 40" = 0.621 pc, or 
Ipc = 64"5. 
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Fig. 28. — Same as Fig. [23] but for Region 2c sources (a) BYF 23, (b) 24, and (c) 27. Tlie respective integrations 
are over tlie ranges -5.0 to +0.3 kms~^ (48 channels), -14.6 to -10.0 kms~^ (42 channels), and +4.8 to +7.0 kms~^ 
(21 channels), yielding average rms noise levels of 0.260Kkms"\ 0.243Kkms"\ and 0.169Kkms"^ contour levels 
spaced every 3a (for all) are overlaid. At a distance of 3.2 kpc, the smoothed Mopra beam (upper left corner) scales 
to 40" = 0.621 pc, or 1 pc = 64'!5. 
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Fig. 29. — Same as Fig. 1231 but for Region 5 sources (a) BYF 36 and (6) 37. The respective integrations are over the 
ranges -9.1 to -1.2 kms~^ (70 channels) and +2.1 to +5.85 kms~^ (35 channels), yielding average rms noise levels 
of Q.297Kkms~^and 0.208 Kknis"^; contour levels spaced every 3a (for both) are overlaid. At a distance of 3.2kpc, 
the smoothed Mopra beam (upper left corner) scales to 40" — 0.621 pc, or 1 pc = 64"5. 
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Fig. 30. — Same as Fig. l23l but for isolated source BYF38. The integration liere is over the range -6.5 to -2.7 kms~^ 
or 34 channels, yielding an average rms noise level 0.219 K km s~^, and contour levels spaced every 3cr are overlaid. 
At a distance of 2.0 kpc, the smoothed Mopra beam (upper left corner) scales to 40" — 0.388 pc or Ipc = 103"l. 




Fig. 31. — Same as Fig. 1231 but for Region 6 sources (a) BYF40 and (b) 41 & 42. The respective integrations are 
over the ranges +4.5 to +13.9 kms~^ (84 channels) and +0.7 to +5.0 kms~^ (39 channels), yielding average rms 
noise levels of 0.312 K kms~^and 0.213Kkms~^; contour levels spaced every ia and 3cr (respectively) are overlaid. 
At a distance of 6.6 kpc, the smoothed Mopra beam (upper left corner) scales to 40" = 1.280 pc, or Ipc = 31"3. 
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Fig. 32. — Same as Fig. 1231 but for Region 7 source BYF47. The integration here is over the range +1.0 to 
+7.0 kms~^ or 58 channels, yielding an average rms noise level 0.318 K km s"'^, and contour levels spaced every 2a 
are overlaid. At a distance of 5.3 kpc, the smoothed Mopra beam (upper left corner) scales to 40" = 1.028 pc or Ipc 
= 38"9. 
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Fig. 33. — Same as Fig. 1231 but for Region 8 sources BYF 51-56. The integration here is over the range -3.7 to 
+7.8 kms~^ or 103 channels, yielding an average rms noise level 0.401 Kkms~^, and contour levels spaced every 3cr 
up to 18(7, and then every 6cr, are overlaid. At a distance of 5.3 kpc, the smoothed Mopra beam (upper left corner) 
scales to 40" = 1.028 pc or Ipc = 38"9. 
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Fig. 34. — Same as Fig. 1231 but for Region 9 sources BYF 61-80. The integration here is over the range -27.0 
to -11.0 kms^^ or 143 channels, however the various clumps are at different Vlsr and are imaged at higher S/N 
when integrated over more restricted velocity ranges, as in Table ID Here the map has an average rms noise level 
0.404Kkms~^, and contour levels spaced every 4cr are overlaid. At a distance of 2.5kpc, the smoothed Mopra beam 
(upper left corner) scales to 40" = 0.485 pc or 1 pc = 82"5. 
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Fig. 35. — Same as Fig. 1231 but for Region 10 sources BYF 83-104. The integration iiere is over the range -23.5 
to -12.9 kms~^ or 95 channels, however the various clumps are at dilTerent Vlsr and are imaged at higher S/N 
when integrated over more restricted velocity ranges, as in Table U Here the map has an average rms noise level 
0.321 K km s~^, and contour levels spaced every 5(t are overlaid. At a distance of 2.5kpc, the smoothed Mopra beam 
(lower left corner) scales to 40" — 0.485 pc or 1 pc = 82"5. 
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Fig. 36. — Same as Fig. 1231 but for Region 11 sources BYF 105-118. The integration here is over the range -33.0 
to -9.5 kms~^ or 209 channels, however the various clumps are at different Vlsr and are imaged at higher S/N 
when integrated over more restricted velocity ranges, as in Table ID Here the map has an average rms noise level 
0.511 K km s^^, and contour levels spaced every 4cr are overlaid. At a distance of 2.5kpc, the smoothed Mopra beam 
(lower right corner) scales to 40" = 0.485 pc or 1 pc = 82"5. 
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Fig. 37. — Same as Fig. 1231 but for isolated source BYF 123. The integration here is over the range -3.0 to 
+ 1.5 kms~^ or 44 channels, yielding an average rms noise level 0.418 K km s~^, and contour levels spaced every 2a 
are overlaid. At a distance of 6.8 kpc, the smoothed Mopra beam (upper right corner) scales to 40" — 1.32 pc or Ipc 
= 30"3. 
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Fig. 38. — Same as Fig. 1231 but for Region 12 sources (a) BYF 127 and (b) BYF 130. The respective integrations are 
over the ranges -6.1 to -3.8 kms~^ (23 channels) and -27 to -22 kms~^ (48 channels), yielding average rms noise 
levels of 0.230 K km s~^and 0.338Kkms~^; contour levels spaced every 2a (for both) are overlaid. At distances of 
1.1 and 2.4 kpc, the smoothed Mopra beam (lower left corner) scales to 40" = 0.213 and 0.465 pc, or Ipc = 187"5 
and 85"9, for BYF 127 and BYF 130, respectively. 
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Fig. 39. — Same as Fig. 1231 but for Region 13 sources BYF 126 and 128. The integration here is over the range -31.0 
to -15.0 kms"'^ or 142 channels, yielding an average rms noise level 0.424 K km s~^, and contour levels spaced every 
5a are overlaid. At a distance of 2.4 kpc, the smoothed Mopra beam (lower left corner) scales to 40" = 0.465 pc or 
Ipc = 85"9. 
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Fig. 40. — Same as Fig. l23l but for Region 13 source BYF 129. The integration here is over the range -7.0 to 
-3.0 kms^^ or 36 channels, yielding an average rms noise level 0.179Kkms~^, and contour levels spaced every 2a 
are overlaid. At a distance of 1.2 kpc, the smoothed Mopra beam (lower right corner) scales to 40 = 0.233 pc or 1 pc 
= 171"9. 
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Fig. 41. — Same as Fig. 1231 but for Region 13 sources BYF 131 and 132. The integration here is over the range +6.0 
to +25.0 kms~^ or 169 channels, however the various clumps are at different Vlsr and are imaged at higher S/N 
when integrated over more restricted velocity ranges, as in Table U Here the map has an average rms noise level 
0.400Kkms~^, and contour levels spaced every Icr are overlaid. At a distance of 6.0kpc, the smoothed Mopra beam 
(lower right corner) scales to 40" = 1.16 pc or Ipc = 34"4. 
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Fig. 42. — Same as Fig. 1231 but for Region 15 source BYF 134. The integration here is over the range -28.7 to 
-23.0 kms~^ or 55 channels, yielding an average rms noise level 0.383Kkms~^, and contour levels spaced every 2a 
are overlaid. At a distance of 2.4 kpc, the smoothed Mopra beam (lower right corner) scales to 40" — 0.465 pc or 1 pc 
= 85"9. 
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Fig. 43. — Same as Fig. (23] but for Region 16 sources (a) BYF 141,142 and (b) BYF 144. The respective integrations 
are over the ranges -26.0 to -21.0 kms"'^ (45 channels) and -28.7 to -25.4 kms~^ (31 channels), yielding average rms 
noise levels of 0.303 K kms~^and 0.250 Kkms"'^; contour levels spaced every 2a are overlaid. At a distance of 2.4 kpc, 
the smoothed Mopra beam (lower left corner) scales to 40" — 0.465 pc, or 1 pc = 85"9, for all of these sources. 
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Fig. 44. — Same as Fig. 1231 but for Region 18 sources BYF 149 and 150. Tlie integration here is over tiie range -22.0 
to -14.5 kms~^ or 67 channels, yielding an average rms noise level 0.270 K km s~^, and contour levels spaced every 
3(7 are overlaid. At a distance of 2.4 kpc, the smoothed Mopra beam (lower right corner) scales to 40" = 0.465 pc or 
Ipc = 85"9. 
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Fig. 45. — Same as Fig. 1231 but for Region 21 sources BYF 161-167. The integration here is over the range -16.1 
to -4.0 kms~^ or 107 channels, however the various clumps are at different Vlsr and are imaged at higher S/N 
when integrated over more restricted velocity ranges, as in Table 31 Here the map has an average rms noise level 
0.308 K km s~^, and contour levels spaced every 3a are overlaid. At a distance of 2.4kpc, the smoothed Mopra beam 
(lower left corner) scales to 40" — 0.465 pc or 1 pc = 85"9. 
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Fig. 46. — Same as Fig. 1231 but for Region 23 sources BYF 183-190. The integration here is over the range -34.2 
to -28.8 kms~^ or 49 channels, however the various clumps are at different Vlsr and are imaged at higher S/N 
when integrated over more restricted velocity ranges, as in Table ID Here the map has an average rms noise level 
0.414 K km s~^, and contour levels spaced every 2a are overlaid. At a distance of 4.7 kpc, the smoothed Mopra beam 
(lower right corner) scales to 40" = 0.911 pc or 1 pc = 43"9. 
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Fig. 47. — Same as Fig. 1231 but for Region 26 source BYF 199. Tlie integration iiere is over the range -27.05 to 
-23.4 kms"^ or 33 channels, yielding an average rms noise level 0.184 K kms~^, and contour levels spaced every 2a 
are overlaid. At a distance of 4.7 kpc, the smoothed Mopra beam (lower left corner) scales to 40" = 0.911 pc or Ipc 
= 43"9. 
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Fig. 48. — Same as Fig.[23l but for Region 26 sources BYF 201-208. The integration here is over the range -41.65 
to -36.0 kms~^ or 51 channels, yielding an average rms noise level 0.230 K km s~^, and contour levels spaced every 
3a" are overlaid. At a distance of 4.7 kpc, the smoothed Mopra beam (lower right corner) scales to 40" = 0.911 pc or 
1 pc = 43"9. 
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B. HCO+ Higher-moment Maps 

Higher-moment Mopra HCO+J=1->0 images for sources from S|Al The same contours of integrated 
intensity from the moment-0 maps are overlaid here: contours are green in the rms map and magenta in 
the others for positive contours, and grey in all maps for and any negative contours. All moments were 
calculated over the same velocity ranges as in [JX] The fitted gaussian ellipses for the Mopra clumps and 
smoothed Mopra beam are shown as before, (a) Peak HCO"'" line temperature Tpoak- {b) rms noise level over 
line-free channels, (c) Intensity- weighted mean velocity field Vlsr, (first moment), (d) Velocity dispersion 
ay (second moment). The first and second moments are only computed where the integrated intensity maps 
are more than a few (usually 3) times the rms noise. 
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Fig. 49. — Higher-moment Mopra HCO^J^l^-O images for Region 1 sources BYF5-9, with contours of integrated 
intensity from Fig. 1231 at 3a (= 0.954Kkms~^) intervals. At a distance of 3.2 kpc, the 40" Mopra beam (lower right 
corner) scales to 0.621 pc. (a) Tp, (b) rms, (c) Vlsr, (d) ay- 
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Fig. 50. — Same as Fig. 1491 but for isolated source BYFll. Contours are every 4a = 0.952 K km s ^, and at 3.2 kpc 
the 40" Mopra beam (lower left corner) scales to 0.621 pc. (a) Tp, (b) rms, (c) VLsa, (d) ay- 
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Fig. 51. — Same as Fig. 1491 but for Region 2a sources BYF 10 and 12-14. Contours are every 2a — 0.558 Kkms 
and at 3.2 kpc the 40" Mopra beam (upper right corner) scales to 0.621 pc. (a) Tp, (b) rms, (c) Vlsr, (d) av- 
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Fig. 52. — Same as Fig. |49[ but for Region 2b sources BYF 15 and 16. Contours are every 3cr = 1.041 K km and 
at 3.2kpc the 40" Mopra beam (upper left corner) scales to 0.621 pc. (a) Tp, (6) rms, (c) Vlsr, (d) (Jv- 
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Fig. 58. — Same as Fig. 1491 but for Region 5 source BYF36. Contours are every 3a — 0.891 Kkms ^ and at 3.2 kpc 
the 40" Mopra beam (upper left corner) scales to 0.621 pc. (a) Tp, (b) rms, (c) Vlsr, (d) (Jv- 
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Fig. 59. — Same as Fig. 1491 but for Region 5 source BYF37. Contours are every 3a — 0.624 K km s~^ and at 3.2 kpc 
the 40" Mopra beam (upper left corner) scales to 0.621 pc. (a) Tp, (b) rms, (c) Vlsr, (d) crv- 
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Fig. 60. — Same as Fig. 1491 but for isolated source BYF38. Contours are every 3a = 0.657 K km s ^, and at 2.0 kpc 
the 40" Mopra beam (upper left corner) scales to 0.388 pc. (a) Tp, (b) rms, (c) Vlsr, (d) cry. 
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Fig. 64. — Same as Fie. 1491 but for Region 8 sources BYF 51-56. Contours are every 3a = 1.203 K km s~^ up to 18a, 
and then every 6a; at 5.3 kpc the 40" Mopra beam (upper left corner) scales to 1.028 pc. (a) Tp, (6) rms, (c) Vlsr, 
(d) av- 
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Fig. 67. — Same as Fig. |49l but for Region 11 sources BYF 105-118. Contours are every 4(7 = 2.04Kkms"\ and at 
2.5 kpc the 40" Mopra beam (lower right corner) scales to 0.485 pc. (a) Tp, (6) rms, (c) Vlsr, (d) ay- 
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Fig. 68. — Same as Fie. 1491 but for isolated source BYF 123. Contours are every 2a = 0.836 K km s ^, and at 6.8 kpc 
the 40" Mopra beam (upper right corner) scales to 1.32 pc. (a) Tp, (6) rms, (c) Vlsr, (d) av- 
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Fig. 69. — Same as Fig. l49l but for Region 12 source BYF 127. Contours are every 2a = 0.460 K km s"\ and at 
1.1 kpc the 40" Mopra beam (lower left corner) scales to 0.213 pc. (a) Tp, (b) rms, (c) Vlsr, (d) av- 
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Fig. 70. — Same as Fig. l49l but for Region 12 source BYF 130. Contours are every 2a = 0.676 K km s"\ and at 
2.4 kpc the 40" Mopra beam (lower left corner) scales to 0.465 pc. (a) Tp, (b) rms, (c) Vlsr, (d) av- 
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Fig. 73. — Same as Fig. l49l but for Region 13 sources BYF 131 and 132. Contours are every 4(t = 1.60 K km s ^, 
and at 6.0 kpc the 40" Mopra beam (lower right corner) scales to 1.16 pc. (a) Tp, (6) rms, (c) Vlsr, (d) av- 
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Fig. 75. — Same as Fig.|49l but for Region 16 sources BYF 141 and 142. Contours are every 2a — 0.606 K km s ^, 
and at 2.4 kpc the 40" Mopra beam (lower left corner) scales to 0.465 pc. (a) Tp, (6) rms, (c) Vlsr, (d) uv- 
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Fig. 77. — Same as Fig.|49] but for Region 18 sources BYF 149 and 150. Contours are every 3a — 0.810 K km s 
and at 2.4 kpc the 40" Mopra beam (lower right corner) scales to 0.465 pc. (a) Tp, (b) rms, (c) Vlsr, (d) (Jv- 
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Fig. 78. — Same as Fig.[49l but for Region 21 sources BYF 161-167. Contours are every 3cr = 0.924Kkms"\ and 
at 2.4kpc the 40" Mopra beam (lower left corner) scales to 0.465 pc. (a) Tp, (b) rms, (c) Vlsr, (d) crv- 
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Fig. 79.— Same as Fig.gi but for Region 23 sources BYF 183-190. Contours are every 2a = 0.828 K km s"\ and 
at 4.7kpc the 40" Mopra beam (lower right corner) scales to 0.911 pc. (a) Tp, (b) rms, (c) Vlsr, (d) ay- 
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Fig. 81.— Same as Fig.gi but for Region 26 sources BYF 201-208. Contours are every 3cr = 0.690 Kkms"\ and 
at 4.7kpc the 40" Mopra beam (lower right corner) scales to 0.911 pc. (a) Tp, (b) rms, (c) Vlsr, (d) ay- 
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